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Abstract
We review recent progress in understanding the different spatial broken symmetries that occur in the normal states of the family of
charge-transfer solids (CTS) that exhibit superconductivity (SC), and discuss how this knowledge gives insight to the mechanism of
the unconventional SC in these systems. A great variety of spatial broken symmetries occur in the semiconducting states proximate
to SC in the CTS, including charge ordering, antiferromagnetism and spin-density wave, spin-Peierls state and the quantum spin
liquid. We show that a unified theory of the diverse broken symmetry states necessarily requires explicit incorporation of strong
electron-electron interactions and lattice discreteness, and most importantly, the correct bandfilling of one-quarter, as opposed to
the effective half-filled band picture that is often employed. Uniquely in the quarter-filled band, there is a very strong tendency
to form nearest neighbor spin-singlets, in both one- and two-dimension. The spin-singlet in the quarter-filled band is necessarily
charge-disproportionated, with charge-rich pairs of nearest neighbor sites separated by charge-poor pairs of sites in the insulating
state. Thus the tendency to spin-singlets, a quantum effect, drives a commensurate charge-order in the correlated quarter-filled
band. This charge-ordered spin-singlet, which we label as a paired-electron crystal (PEC), is different from and competes with
both the antiferromagnetic (AFM) state and the Wigner crystal (WC) of single electrons. Further, unlike these classical broken
symmetries, the PEC is characterized by a spin gap. The tendency to the PEC in two dimension is enhanced by lattice frustration.
The concept of the PEC mirrors parallel development of the idea of a density wave of Cooper pairs in the superconducting high Tc
cuprates, where also the existence of a charge-ordered state in between the antiferromagnetic and the superconducting phase has
now been confirmed. Following this characterization of the spatial broken symmetries, we critically reexamine spin-fluctuation and
resonating valence bond theories of frustration-driven SC within half-filled band Hubbard and Hubbard-Heisenberg Hamiltonians
for the superconducting CTS. We present numerical evidence for the absence of SC within the half-filled band correlated-electron
Hamiltonians for any degree of frustration. We then develop a valence-bond theory of SC within which the superconducting state is
reached by the destabilization of the PEC by additional pressure-induced lattice frustration that makes the spin-singlets mobile. We
present limited but accurate numerical evidence for the existence of such a charge order-SC duality. Our proposed mechanism for
SC is the same for CTS in which the proximate semiconducting state is antiferromagnetic instead of charge-ordered, with the only
difference that SC in the former is generated via a fluctuating spin-singlet state as opposed to static PEC. In Appendix B we point out
that several classes of unconventional superconductors share the same band-filling of one-quarter with the superconducting CTS.
In many of these materials there are also indications of similar intertwined charge order and SC. We discuss the transferability of
our valence-bond theory of SC to these systems.
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1. Introduction and Scope of the Review
Superconductivity (SC) is only one of many mysterious features of the high critical temperature (high Tc) super-
conductors. More enigmatic is perhaps the violation of the Landau Fermi liquid theory in the normal state, which had
been a cornerstone of traditional condensed matter theory until thirty years ago, when high Tc in the cuprate materials
was first discovered [1]. The list of experiments that demonstrate the unusual characteristics in the so-called normal
state of the cuprates, especially in the under-doped region, is now very long [2–4]. Similar unusual behavior have
now been observed in the iron-based superconductors [5–7]. It is widely recognized that these peculiarities, including
in particular the proximity of SC to multiple competing or coexisting broken symmetries separated by quantum crit-
icalities, are the common features of systems with strongly correlated charge carriers [8]. Furthermore, there is now
widely-shared agreement that there exist many other correlated-electron superconductors, albeit with relatively lower
Tc (due to perhaps smaller one-electron bandwidths) [9–17]. The present review is largely about one such family of
materials with strong electron-electron (e-e) interaction, low-dimensional organic charge-transfer solids (CTS). Even
as we restrict our discussions to this one family of materials, we believe that the key concept, viz., SC in the CTS
evolves from a Wigner crystal of nearest neighbor spin-singlet electron pairs that we term the Paired Electron Crystal,
may be widely transferable. In order to avoid confusion, henceforth we will use the term “Wigner crystal” (WC) to
refer to the Wigner crystal of single electrons only; the ordered state of spin pairs will be referred to as the “Paired
Electron Crystal” (PEC). We show in our work that the tendency to form such a charge-ordered spin-singlet state, a
quantum effect, is particularly strong in the correlated-electron quarter-filled band, where this broken symmetry com-
petes with other more thoroughly researched broken symmetries such as antiferromagnetism, quantum spin liquid and
the WC of single electrons. A generalization of our theory is that there must exist other unconventional correlated-
electron superconductors that share the same bandfilling of one-quarter with the CTS, and that exhibit some of the
same peculiar features. In particular, there should exist evidence for the occurrence of the same PEC. We discuss
several such materials (families of materials) in Appendix B. While clearly further research on these other materials
are warranted before firm conclusions can be arrived at, the identification of any common theme between these diverse
families is encouraging.
SC in the CTS has been known since 1980 [18, 19]. While the first organic superconductors were “low Tc” and
belonged to the weakly two-dimensional (2D) (and are hence often referred to as “quasi-one-dimensional”, quasi-
1D) TMTSF family (see Appendix A for a compendium of the full names of organic molecules referred to by their
acronyms in the review), within a few years the more strongly 2D “high Tc” superconducting compounds belonging
to the BEDT-TTF (hereafter ET) family were discovered [20]. The chemical formulas of the two series of compounds
are similar [(TMTSF)2X versus (ET)2X, where X is a closed-shell inorganic anion.] While (TMTSF)2X exhibit the
same basic crystal structure independent of X, (ET)2X are obtained with many different crystal structures, which are
labeled α, β, θ, κ, ... etc., with no particular significance attached to these Greek prefixes. The original anions X in
the family (ET)2X were the same as in the (TMTSF)2X. Subsequently, however, compounds with more complicated
polymeric anions such as Cu(NCS)2, Cu[N(CN)2]Cl, Cu[N(CN)2]Br etc. became more popular because of the higher
Tc’s reached with these compounds. The compound κ-(ET)2Cu[N(CN)2]Br is an ambient pressure superconductor
below 11.6 K [21], in contrast to the others in which SC is reached only under pressure. Several other families of
superconducting CTS, including compounds of BEDT-TSF (hereafter BETS) as well as compounds with asymmetric
cations such as DMET are known. We point the reader to several excellent resources on the chemistry and physics of
these materials [22–25]. While the charge carriers in the above materials are holes, CTS superconductors with elec-
trons as charge carriers are also known [26]. These last compounds have the general chemical formula X[M(dmit)2]2,
where M = Ni, Pd or Pt, and X+ is a closed-shell monovalent cation, such as EtMe3P+, EtMe3Sb+ etc.
Two characteristic features are common to nearly all known superconducting CTS. First, with very few exceptions
[27–29], all hole carriers have 2:1 cation:anion stoichiometry, implying a hole concentration of 12 per cationic molecule
[22–24] (the stoichiometry of CTS superconductors with large unit cells is sometimes written as 4:2; the carrier
concentration per cationic molecule is the same in these.) We will refer to the carrier concentration per molecule as ρ,
which we believe is a more fundamental quantity than apparent bandfillings in these strongly correlated systems [30–
32]. The exceptions mentioned above actually prove the “ρ = 12 rule”, in that these systems are complex structures
in which the deviation of ρ from 12 is very small. Similarly, the electron carriers have 1:2 cation:anion stoichiometry
[26]. With the anions forming the active layer now, the electron concentration ρ is 12 per anionic molecule.
The second characteristic common to superconducting CTS is that in nearly every case, the ambient pressure
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state at low temperature T is an unconventional semiconductor with spatial broken symmetry, and SC is obtained by
application of pressure at constant carrier concentration. These two features, SC being limited to a very narrow carrier
concentration range or even fixed concentration, as well as an apparent semiconductor-superconductor transition,
are common to many known correlated-electron superconductors beyond the CTS [16]. We discuss several such
families of materials materials in Appendix B. Interestingly, the electron-doped cuprate superconductors share these
characteristics [33].
We report a two-pronged effort to understanding the mechanism of SC in the CTS. On the one hand, we re-
port recent experimental and theoretical studies that have attempted to understand the spatial broken symmetries in
the semiconducting states proximate to SC. We will be interested in the detailed patterns of charge, bond and spin
distortions in the insulating phases, beyond merely their periodicities. We will attempt to show that the patterns of
distortions, as well as the phase relationships between any coexisting broken symmetries are both relevant when trying
to arrive at a clear understanding of the complex phenomenon of correlated-electron SC. (We will, for instance, show
that the bond-charge distortion pattern in the charge-ordered phase proximate to SC is universal, while other patterns
that are also observed do not lead to SC [34].) Hence our discussions of SC will be limited strictly to theoretical
approaches that are based on discrete lattice Hamiltonians. We refer the reader to recent reviews for discussions
of competing theories that start from continuum electron-gas models [35, 36]. Following the discussions of spatial
broken symmetries, we discuss various proposed theoretical mechanisms of SC in the CTS, focusing on theories
that emphasize the correlated-electron nature of the CTS. We show that spin-fluctuation and resonating valence-bond
(RVB) theories of SC that are based on mean-field theories of e-e interaction or approximate approaches such as the
random phase approximation (RPA), fluctuation-exchange (FLEX) or the dynamic mean-field theory (DMFT) fail to
explain the SC in the CTS, even as they might successfully explain select non-superconducting spatial broken sym-
metry phases [37, 38]. Our principal goal is to report the collected theoretical and experimental results which indicate
that quantum fluctuations in systems with the specific carrier concentration of 12 per unit drive a strong tendency to
form charge-ordered local singlets. The strong quantum effects are not limited to 1D, but will also occur in 2D and
perhaps even 3D in the presence of strong geometric lattice frustration (see Appendix B.2 and Appendix B.4). We
discuss experiments that reveal these local singlets in the dominant spatial broken symmetry states in the CTS at
the lowest T. A new viewpoint about correlated-electron SC, that has conceptual overlaps with both the RVB theory
[39, 40] and bipolaron theories of SC [41], and is yet distinct, is shown to emerge. The proposed mechanism of SC,
while still incomplete, also has strong overlaps with the emergent ideas of intertwined charge order-superconductivity
in the cuprates [42] as well as the proposition that the charge-ordered phase there is a density wave of Cooper pairs
[43, 44].
This review is broken into the following parts. In Section 2 we introduce our theoretical model and describe early
applications of the theory to the family of CTS as a whole, both non-superconducting and superconducting. The
purpose of this section is to show that many of the later developments, in particular, the conclusion that the specific
carrier density per molecule ρ = 12 is special, emerges already from the early literature. In Section 3 we develop a
comprehensive theory of broken symmetries specifically for ρ = 12 , in quasi-one dimension. This is where we first
encounter the concepts of Bond-Charge-Density Wave (BCDW) and Bond-Charge-Spin-Density Wave (BCSDW),
which are simply PECs in one dimension, or on weakly coupled 1D chains. The two most notable conclusions of the
theoretical work here are, (a) even within the extended Hubbard model with nonzero nearest neighbor repulsion, the
WC is not the obvious ground state; rather, for a wide range of realistic parameters, the ground states are the BCDW
and BCSDW; (v) there exists a broad range of realistic Coulomb parameters where even as the high temperature
phase is the WC, at the lowest temperatures the BCDW dominates. In Section 4 we discuss experimental observations
in the Fabre (TMTTF) and Bechgaard (TMTSF) salts, along with non-traditional ρ = 12 cationic CTS. The wide
applicability of the PEC concept in these quasi-one-dimensional materials is pointed out. In Sections 5 and 6 we
discuss experiments and theory in quasi-two-dimension. From explicit calculations we develop the PEC concept
in two dimensions. Manifestations of the PEC in both cationic and anionic quasi-two-dimensional CTS are the
occurrence of insulating stripes, and nonzero spin gap. In Section 6.2.3 we present detailed evidence that in every
case where there occurs transition to SC from a charge-ordered state, and the pattern of the charge-order is known, this
pattern corresponds to that of the PEC. Following this we present detailed numerical calculations of superconducting
pair-pair calculations and present our conclusions. We then point out in Appendix B that there exist many other
unconventional semiconductors characterized by strong electron-electron interactions, frustrated lattice and ρ = 12 .
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“Generic” unconventional behavior is observed in these cases, as we point out in Appendix B, where we discuss
briefly the experimental observations in the individual systems.
Guide to the reader. Because of the lengths of the individual sections and subsections that follow, and the seemingly
diverse topics that are discussed, we present a summary paragraph at the end of each of Sections 2-6. Sections 4 and
5 review in detail the experimental work on the quasi-one and quasi-dimensional materials and are by necessity quite
dense; we have therefore presented summary paragraphs here after each subsection. Readers who are short of time
are encouraged to read just the introduction and summary paragraphs of these sections, and refer back to subsections
on specific materials as needed in the following sections.
2. Electron-electron interaction effects - survey of early work
Many of the concepts related to e-e interaction effects in CTS have their roots in early work done through the 1960s
to the 1980s. We report on these studies here, not merely for the sake of completeness. The justification of many of
the claims made in the present review come from comparisons of early and recent theories against experiments from
this period as well as later work. It is also conceivable that the astute reader may still find new directions of research
from this report on early work.
2.1. Classification: cationic, anionic and two-chain conductors
Several early reviews on CTS emphasize the role of e-e interactions [45–47]. The earliest CTS were mostly mixed
stack systems in which planar aromatic pi-electron donors D and acceptors A alternated along quasi-1D stacks, with
intermolecular distances slightly smaller than the sum of the van der Waals’ radii of the D and A molecules. Pre-
dominantly neutral · · ·DADA · · · as well as predominantly ionic · · ·D+A−D+A− · · · were both known. Later demon-
strations of pressure [48], temperature [49] and light [50] induced neutral-ionic transitions in the CTS have led to a
wide field of research, but mixed stack CTS are outside the scope of this review, as they are necessarily 12 -filled band
semiconductors.
Prototype one-chain segregated stack CTS are the anionic M-TCNQ, in which the M are alkali metals that donate
one complete electron to the acceptor TCNQ molecules, and in which the TCNQ form acceptor-only · · · AAAA · · ·
segregated stacks. The semiconducting behavior of M-TCNQ, along with their unusual optical and magnetic behavior
led to the Hubbard model description of these systems,
H = −
∑
〈i j〉σ
ti jc
†
iσc jσ + U
∑
i
ni,↑ni,↓ (1)
where c†iσ creates an electron or a hole with spin σ (↑ or ↓) on the frontier orbital of molecular site i, 〈...〉 implies
nearest neighbors (NN), and all other terms have their usual meanings. The TCNQ− stacks with one electron per
anion are 1D Mott-Hubbard semiconductors with U ≥ 4|t| [51] [Very recently, Soos et al. have suggested that Na-
TCNQ and K-TCNQ are charge-ordered, · · · TCNQ2−TCNQ0TCNQ2−TCNQ0 · · · [52]. We believe that additional
theoretical and experimental work are needed before this issue could be considered as settled.]
Many different groups pointed out that 1D chains with ρ , 1 are expected to be conductors in spite of large U
[45–47, 51]. Research on conducting CTS began in earnest with the discovery of the peculiar T-dependent transport
in NMP-TCNQ, a two-chain segregated stack CTS. Initial work had assumed that the degree of charge-transfer ρ from
NMP to TCNQ was 1 [53], but later more precise measurements [54] indicated this to be 23 . Two-chain conductors
TTF-TCNQ [55, 56], TSF-TCNQ, HMTTF-TCNQ and HMTSF-TCNQ [57] with high conductivities and with ρ =
0.59, 0.63, 0.74 and 0.74, respectively, were discovered around the same period, establishing firmly the concept
of conductors with incomplete charge-transfer (ρ , 1). Two-chain ρ = 1 systems, such as HMTTF-TCNQF4 and
HMTSF-TCNQF4, are also Mott-Hubbard semiconductors [58, 59]. The one-chain cationic systems of interest in the
present Review were discovered subsequently. We refer the readers to several conference and workshop proceedings
from this period that give excellent discussions of the work done during this period [57, 60, 61].
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2.2. Charge-spin decoupling
Early theoretical works that introduced the concept of charge-spin decoupling in the context of the quasi-1D CTS
were by Bernasconi et al. [62] and Klein and Seitz [63]. Bernasconi et al. showed that the Peierls instability, which
in noninteracting 1D chains opens a gap at the Fermi wavenumbers ± kF, will for large U occur in a band of spinless
Fermions at new wavenumbers ± 2kF, leading to a so-called 4kF instability. This was one of the earliest discussions
of metal-insulator transitions leading to Bond Order Wave (BOW) and periodic lattice distortion with wavevector
other than the conventional Peierls’ 2kF. In this review we will use BOW to describe a periodic lattice distortion that
leaves the site charge densities homogeneous; in general however for ρ , 1 a BOW must coexist with a simultaneous
periodic distortion of the charge density on each site (see Section 3.2.1). Specifically for ρ = 12 , the ordinary 2kF BOW
instability would correspond to bond tetramerization (2kF = pi/2a, where a is the lattice constant of the undistorted
lattice) while the 4kF BOW instability implies bond dimerization (4kF = pi/a).
Klein and Seitz showed that the lowest excitations of the large U 1D Hubbard model with nearest neighbor-only
hoppings (ti j = t) reduces in the U >> |t| limit to
H = N2U − t
N∑
i=1
(a†i ai+1 + H.c.) + Hspin (2)
Hspin =
N1∑
θ,i=1
Jθ~S i · ~S i+1 (3)
where N is the total number of sites, N1 and N2 are the number of single and double occupancies, respectively (N2 = 0
for ρ ≤ 1), a†i creates a spinless Fermion, and Hspin is the Heisenberg spin Hamiltonian describing spin excitations
corresponding to each different occupancy θ of the spinless Fermion band. The authors gave a closed form expression
for the exchange integral within Hspin for the ground state occupancy (θ = 0) of the spinless Fermions [63],
J0 =
2t2
U
ρ[1 − sin(2piρ)
2piρ
] (4)
This work formed the basis for comparing the temperature-dependence of the static magnetic susceptibilities χ(T )
of 1D CTS with arbitrary ρ below the metal-insulator transition temperature to the Bonner-Fisher χ(T ) of the 1D
Heisenberg chain [30]. Coupling of the spins to the lattice can therefore lead to the spin-Peierls transition even for
ρ , 1. Interestingly, the spin-Peierls (SP) transition was observed in the ρ = 1 CTS [64, 65] considerably before it
would be seen in inorganic systems, and the experimental observations led to sophisticated theoretical developments
of this phenomenon [66]. Much of our current understanding of the SP transitions in the ρ = 12 cationic CTS (see next
section) come from these early papers.
2.3. The 4kF instability, Peierls CDW versus Wigner crystallization
Diffuse X-ray scattering [67–69] and inelastic neutron scattering [70, 71] of TTF-TCNQ gave the first experi-
mental detection of the 4kF instability in the donor stack of TTF-TCNQ. Subsequent measurements detected the 4kF
instability in the one-chain compounds MEM(TCNQ)2 [72–74] and (NMP)x(phen)1−xTCNQ for 0.5 ≤ x ≤ 0.54 [54].
MEM(TCNQ)2 continues to enjoy the status of being one of the most well-characterized materials, in that both the 4kF
and the 2kF phases here were clearly identified as bond dimerized and tetramerized, respectively [73]. The systems
(NMP)x(phen)1−xTCNQ were interesting as the carrier concentration in the TCNQ acceptor stack could be varied al-
most continuously by changing the ratio between the electron donor NMP and the neutral phenazine molecule. Strong
diffuse X-ray scattering at 4kF=pi/a, where a is the lattice constant was found at x exactly equal to 0.5, where there
occurs complete charge-transfer from each NMP molecule. As x is increased from 0.5, there is a concomitant but
nonlinear increase in ρ, with ρ reaching the value 23 at x = 1. Interestingly, while for low electron densities both
4kF and 2kF instabilities on the TCNQ stack are observed, for x > 23 there is no 4kF scattering at all and only 2kF
scattering is observed. This specific observation was the first experimental demonstration of the systematic carrier
concentration dependent behavior of correlated one-dimensional bands (see Section 2.5), and is summarized in Fig. 1.
Very interestingly, the 4kF scattering vector is unshifted between x = 0.5 and x = 0.54 [54]. This was interpreted
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Figure 1. Number of conduction electrons per TCNQ (triangles) and per donor molecule (dots) in (NMP)x(phen)1−xTCNQ. The solid line is equal
to x. Reprinted with permission from Ref. [54], c© 1981 The American Physical Society.
Figure 2. (a) Charge susceptibility of the 1D Hubbard model as a function of wavevector and inverse temperature β for a 20-site lattice with U = 4
and V = 0 at ρ = 12 . Here q = pi (
pi
2 ) corresponds to 4kF (2kF). (b) bond-order susceptibility for the same parameters. Reprinted with permission
from Ref. [78], c© 1984 The American Physical Society.
as evidence for the formation of fractionally charged e/2 solitons [75, 76], which had been theoretically suggested
earlier by Rice and Mele within the U → ∞ Peierls-Hubbard model [77].
Identification of the ground state as a manifestation of the 4kF Peierls charge-density wave (CDW) (see above)
appeared reasonable, but it was suggested by Torrance [31] that the mechanism of the instability was in fact different.
Torrance was of the opinion that the 4kF instability was driven by intersite Coulomb interactions and resulted in a
gain in potential energy, as opposed to the gain in kinetic energy that drives the Peierls instability. This was the
first foray into the concept of charge ordering (CO). Very soon after this Hubbard in a seminal paper developed the
concept of Wigner crystallization driven by long range intersite Coulomb interaction Vi j, within the extended Hubbard
Hamiltonian (EHM),
H = −
∑
〈i j〉σ
ti jc
†
iσc jσ + U
∑
i
ni,↑ni,↓ +
1
2
∑
i, j
Vi jnin j (5)
where ni =
∑
σ ni,σ is the total number of electrons on site i. Note that the intersite interaction in the last term is
not limited to NN. Hubbard’s actual work was for the limits of U = ∞ and ti j = 0, in which case Eq. 5 reduces
to a classical Ising-like Hamiltonian Hred = 12
∑
i, j Vi jnin j, with ni = 0, 1. Hubbard was able to derive the WC site
occupancies by electrons in 1D for all ρ for arbitrary but downward convex Vi j. Interestingly, for the special case of
ρ = 12 , Hubbard found two competing Wigner crystals, denoted by · · · 1010 · · · and · · · 1100 · · · , where 1 and 0 refer
8
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Figure 3. (a) Charge susceptibility of the 1D extended Hubbard model as a function of wavevector and inverse temperature β for a 40-site lattice
with U = 4 and V + 2 at ρ = 12 . Here q = pi (
pi
2 ) corresponds to 4kF (2kF). (b) bond-order susceptibility for the same parameters. Reprinted with
permission from Ref. [78], c© 1984 The American Physical Society.
to sites occupied and unoccupied by charge carriers, respectively. Subsequent theoretical work showed that intersite
Coulomb interactions beyond NN play insignificant role in the CTS [79]. We shall hereafter retain only the NN
intersite Coulomb interaction and refer to this as V . We will refer to the Hamiltonian with U, V and |t| as the extended
Hubbard Hamiltonian. The configuration · · · 1100 · · · plays no important role in the absence of long range interaction,
within this classical picture of lattice instability. We will refer to the configuration · · · 1010 · · · only as the WC for
ρ = 12 .
The EHM with NN intersite interaction was investigated numerically for moderate U and V using quantum Monte
Carlo (QMC) by Hirsch and Scalapino [78], for ρ = 12 and then for ρ = 0.6. The authors initially probed wavevec-
tor dependent charge-charge correlations only, which gives the tendency to CO [78, 80], and concluded that the
· · · 1010 · · · 4kF CO is obtained at ρ = 12 only for nonzero V when U is finite (see Fig. 2). In later work [78] the
authors also investigated wavevector-dependent bond order-bond order correlations, and for a limited set of U, V
parameters found signatures of both 2kF and 4kF BOW instabilities (see Fig. 3). These results played a very signif-
icant role in later developments of theories of spatial broken symmetry in the correlated 1D, especially for ρ = 12 .
They showed that information about the tendency to CO or BOW can be obtained even without explicit inclusion of
electron-phonon interactions in the Hamiltonian, as this information is built into the purely electronic wavefunction it-
self. Second, the demonstration of the BOW instability, even for nonzero V , indicated that CO is obtained only for the
NN interaction larger than a threshold value, a result that would be demonstrated explicitly many years later [81–83].
On the other hand, the pattern of the 2kF BOW, or the issues of coexistence versus competition between CO and BOW
were, however, not understood at this point. One important experimental development was the identification of the
phase below T4kF in MEM(TCNQ)2 as the dimerized BOW phase [73]. We show in Fig. 4 schematics of the structure
of the TCNQ stack above and below T4kF . T-dependent magnetic susceptibility χ(T ) showed Bonner-Fisher behavior
in the region T2kF <T<T4kF , with an SP gap below T2kF , identifying the latter temperature as the SP temperature TSP.
Neutron diffraction studies showed that the SP transition led to dimerization of the bond-dimerization [84].
2.4. Intermolecular versus intramolecular electron-phonon interactions
Two different kinds of electron-phonon (e-p) interactions have been discussed in the literature. The so-called
Su-Schrieffer-Heeger (SSH) coupling [85] between electrons and stretching vibrations of the 1D lattice modulates the
intermolecular hopping. Because of the massive molecular natures of the sites in the CTS, displacements orthogonal to
the stacking axis (see Fig. 4(b)) as well as librational motion can make significant contributions to the SSH coupling.
The Holstein electron-molecular vibration (EMV) coupling [86] also plays a significant role in CO instabilities as
well as optical excitations [87–89]. Strictly in ρ = 1 these two couplings give rise to competing BOW and site-CDW
instabilities, for U = 0 [90, 91] as well as nonzero U [92]. Coexistence is the norm at all other ρ [93]. The EMV
coupling dictates that specific molecular frequencies vary with the charge density on the molecule, and at the onset of
charge disproportionation at low T there occurs a splitting of infrared vibrational modes that are coupled strongly to
the electrons [94, 95].
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(a)
(b)
Figure 4. (a) TCNQ molecules of MEM(TCNQ)2 as seen along their longest axis in the metallic state. The drawn line indicates the chain direction.
Nearest neighbor intermolecular hoppings are uniform in this case. (b) Same below T4kF . The stack is now strongly dimerized. Reprinted with
permission from Ref. [73], c© 1979 The American Physical Society.
2.5. ρ-dependent correlation effects
The 4kF instability, independent of its CDW or BOW nature, is clearly a signature of large Hubbard U. Yet
another signature of strong correlation effects is the static magnetic susceptibility χ(T ): U enhances the susceptibility
strongly over what is expected in the noninteracting U = 0 limit for the same hopping integral [30]. A mystery in
this early phase was the absence of enhanced magnetic susceptibility and the 4kF instability in many CTS. Systems
with nearly identical molecular components and very similar crystal structures behave very differently. Thus while the
susceptibility of TTF-TCNQ at room temperature was enhanced by a factor of 3 over the expected Pauli value [30],
the corresponding enhancement factor for HMTTF-TCNQ was only 1.15 [96]. The same enhancement factor for
MEM(TCNQ)2 was 20! It also appeared that enhanced (unenhanced) susceptibility and occurrence (non-occurrence)
of the 4kF instability went together. This had led to considerable argument about the magnitude of U in the CTS.
The solution to this problem came from the recognition that neither the U >> |t| nor the V = 0 approximations
that are often adopted for simplicity are justified. With realistic U (4|t| ≤ U ≤ 8|t|) and V (|t| ≤ V ≤ 3|t|), correlation
effects are strongly, and non-monotonically dependent on ρ [32, 97]. At or near ρ = 12 , V and U act in concert to
reduce double occupancies of sites by charge carriers; however, over the broad region 23 ≤ ρ ≤ 0.8 V increases double
occupancy. One measure of the ρ-dependent correlations is the normalized probability of double occupancy of sites
by carriers g(ρ), defined as,
g(ρ) =
〈ni,↑ni,↓〉
〈ni,↑〉〈ni,↓〉 (6)
The plot in Fig. 5 shows g(ρ) versus ρ for several different V (V = 0, 1, and 2 in units of |t|) for U = 6|t| calculated
using the Stochastic Series Expansion (SSE) QMC method [98, 99]. Behavior for other U is the same. For nonzero
V strongly correlated behavior (small g) is found for ρ at or near 12 , while relatively weakly correlated behavior
(moderate to large g) occurs for 23 ≤ ρ ≤ 0.8. A turnaround in g(ρ) is again observed as the Mott-Hubbard region of
ρ = 1 is approached.
Table 1 lists the known behavior of a large number of CTS with ρ spanning from 0.5 to 1. The results agree fully
with the predictions of Fig 5. Enhanced susceptibilities and 4kF scattering always appear in the range 0.5 < ρ < 0.55
and never appear in the range 0.63 < ρ < 0.8. The intervening range 0.55 < ρ < 0.63 forms a transition region: the
symptoms appear at ρ = 0.59 in TTF-TCNQ, but do not appear at ρ = 0.57 in TMTSF-TCNQ with its considerably
larger cation bandwidth. Compounds in the range 0.83 < ρ < 1.0 are unknown, and compounds with ρ = 1 are
universally Mott-Hubbard semiconductors.
The demonstration of ρ-dependent correlation effects is a significant result, since SC in the CTS is restricted
precisely to the carrier concentration where correlation effects are the strongest! This makes it unlikely that the SC
mechanism can be understood within a noninteracting electron picture. In Appendix B we will point out that many
of the perplexing features that are seen in the the ρ = 12 CTS, including SC, are also shared by other ρ =
1
2 systems,
including inorganic materials.
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Figure 5. (Color online) Normalized double occupancy g(ρ) versus ρ for the 1D EHM of Eq 5 for U = 6, and V = 0 (circles), 1 (diamonds) and 2
(squares), for a 64 site system. Lines are guides to the eye.
2.6. Summary
The normal state of the entire family of CTS, whether one-chain or two-chain, can be understood within the ex-
tended Hubbard model (EHM) with nonzero moderate nearest-neighbor Coulomb interaction V . The V interaction
enhances single occupancy of sites by electrons near ρ = 12 , and double occupancy in the range 0.67 < ρ < 0.8,
thus explaining both the observed “strongly correlated” and “weakly correlated behavior”. Lattice instabilities can
be driven by both intermolecular electron-phonon coupling and electron-molecular vibration (EMV) coupling. The
periodicities of the density waves however are determined by Coulomb interactions. Correlation effects are strongest
at ρ = 12 , which is the carrier density in the superconductors (see following sections), making it unlikely that super-
conductivity in the CTS can be explained within BCS theory.
3. Broken symmetries in quasi-one dimensional CTS, Theory
While the earliest work described in the previous section was largely on the two-chain conductors, interest over the
past two decades have been focused on the 2:1 cationic materials (and more recently, on the 1:2 anionic materials), as
these are the only ones that exhibit SC. The Fabre and Bechgaard salts (TMTCF)2X, C = S, Se, have been intensively
studied. A generic phase diagram (see Fig. 6) for these systems has been proposed [100]. The proposed phase diagram
has received ample experimental support. It is generally agreed that the pressure axis is a measure of the interchain
coupling at ambient pressure. Different materials shown along this axis indicate the role interchain interactions play
in specific materials. The different transition temperatures in the phase diagram that are of interest are (i) TMI, the
metal-insulator (MI) transition temperature, which at the very extreme left occurs at a high temperature of 200 K or
so, and is driven by charge localization, induced perhaps by counter anion-driven dimerization along the stacking axis;
(ii) TCO, the temperature at which charge-ordering occurs (usually 60 − 100K), and (iii) TAFM and TSP, temperatures
at which transitions to the antiferromagnetic and SP states occur (we refer to the AFM/SDW phase of Fig. 6 as simply
AFM-II, and the antiferromagnetic phase at the low pressure region as AFM-I). TAFM and TSP are nearly an order of
magnitude lower than TCO near the low pressure region of the phase diagram. On the other hand, a single transition
from the metallic state to the AFM-II state occurs at the high pressure region.
One goal of the present work is to review theoretical works that have attempted to explain the phase diagram,
including the temperature dependence and the evolution from the left to the right along the pressure (interchain inter-
action) axis. As of now though the evolution to the superconducting state still remains a mystery, and much of the
theoretical work on the superconducting phase is independent of other works on the spatial broken symmetry states.
We believe, however, that a correct theoretical approach should be able to explain the evolution of the SC state from
the semiconducting states. Since the SC state is largely believed to be spin singlet, a strong emphasis is placed in
this review to understand the transitions between the two AFM states and the singlet SP state, as the mechanisms of
these AFM–spin singlet transitions may hold the key understanding the mechanism of the transition to SC. A recent
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Table 1. Summary of the properties of several quasi-1D CTS in the density range 0.5 ≤ ρ ≤ 1 [32].
suggestion that like the AFM phases there also exist two different SP states with different charge occupancies and
bond distortions that are separated by a phase boundary, has however been shown to be incorrect [102–104].
Recent experimental works have shown that the phase diagram in Fig. 6 is less universal than it was originally
believed to be. There exist several quasi-1D 2:1 cationic materials that actually do not lie in any of the regions of
the phase diagram Fig. 6. Summaries of experimental results on several of these “non-traditional” quasi-1D systems
are presented in Section 4.3. In the (TMTCF)2X series charge and spin transitions are separated in high and low
temperature scales, with spin order (either AFM or SP) only occurring at low (<20 K) temperature. In the materials
discussed in Section 4.3, there are in contrast examples of high temperature spin gap transitions, and others where
the charge and spin gaps occur simultaneously at high temperatures. (BCPTTF)2X, X = PF6 and AsF6, exhibits a
magnetic transition at a temperature (30 K) significantly higher than TSP in the Fabre salts, without going through
a CO phase. In (EDO-TTF)2X TMI coincides with the spin gap transition at approximately 270 K; rather than a
traditional second-order SP transition, the transition in (EDO-TTF)2X is strongly first order.
While some of these unusual characteristics and details of the thermodynamics may require the inclusion of 3D
interactions and anion coupling, we argue below that much can be understood from the underlying 1D strongly-
correlated electron model. In particular, in Section 3.2.1 we show that the · · · 1100· · · CO can coexist with two
different bond distortion patterns, BCDW-I and BCDW-II. Numerical calculations (Section 3.3) show that depending
on the strength of e-e and e-p interactions, the magnitude of the CO varies by an order of magnitude, which greatly
changes the magnitude of co-operative effects like anion coupling. In Section 3.3.2 we discuss the reason different
thermodynamics are expected for BCDW-I and BCDW-II.
3.1. Theoretical model and parameters
The theoretical model appropriate for the complete families of the above materials incorporates single chain and
interchain interactions, as well as interaction with the counterions. As we are not interested in material-specific
behavior we ignore the interaction with counterions and write the Hamiltonian as
H = −
∑
ν,〈i j〉ν
tν(1 + αν∆i j)Bi j +
1
2
∑
ν,〈i j〉ν
Kνα∆
2
i j
+g
∑
i
vini +
Kg
2
∑
i
v2i + U
∑
i
ni↑ni↓ +
1
2
∑
〈i j〉
Vi jnin j. (7)
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Figure 6. Phase diagram proposed by Jerome for the TMTTF2X and TMTSF2X. Arrows indicate the ambient pressure position of several materials.
Reprinted with permission from Ref. [101], c© 2011 The American Physical Society.
In Eq. 7, ν runs over multiple lattice directions a, b and c (with the stacking axis along the a direction in most of the
quasi-1D materials). Bi j =
∑
σ(c
†
iσc jσ + H.c.), αν is the intersite e-p coupling, K
ν
α is the corresponding spring constant,
and ∆i j is the distortion of the i– j bond, to be determined self-consistently; vi is the intrasite phonon coordinate and
g is the intrasite e-p coupling with the corresponding spring constant Kg. For the Fabre salts it is generally accepted
that ta ' 0.1 − 0.2 eV >> tb >> tc [22], while in the TMTSF ta is larger and tb ∼ 0.1ta. We will henceforth
write ta and tb as t and t⊥, respectively. Additional interesting roles played by frustration may be relevant [102]; we
postpone discussions of these until later. Because of the strong anisotropies, we will consider only unidirectional
SSH electron-phonon coupling (αν, Kν = 0 for ν , a). Based on the strong ρ-dependent experimental behavior in
the family of CTS overall (see Section 2.5) we retain only the NN intersite Coulomb interactions, which we will
write as V and V⊥, respectively (note that longer range interactions wipe out the ρ-dependence of correlation effects
[105]). The onsite Hubbard repulsion U ranges from 0.6 - 1.0 eV. This implies U/t ∼ 6 − 10 in the TMTTF, with the
ratio about half in TMTSF. The magnitude of V is less certain, but based on the fact that 12 -filled band materials are
Mott-Hubbard semiconductors, V < 12 U (since otherwise
1
2 -filled systems would have been charge-ordered.) Based
on other experiments (see Section 4) we believe that U4 ≤ V ≤ U3 .
The Hamiltonian in Eq. 7, especially the 1D version of it, has been investigated at ρ = 12 using a variety of
approaches including mean-field [106–110], bosonization [111–116], exact diagonalization [81, 82, 102, 117–125],
quantum Monte Carlo (QMC) [34, 78, 80, 83, 126–130] and the Density Matrix Renormalization Group (DMRG)
[131–136]. Mean-field approaches ignore quantum fluctuations and in general overemphasize the AFM and the WC
broken symmetries, thereby missing the subtleties associated with the transition to spin singlet states, which is a quan-
tum effect. We will not discuss the mean-field and related approaches. Bosonization ignores the discrete nature of the
lattice and thus in most cases miss the coexistences of various broken symmetries; it is also a weak coupling approach,
while the strong e-e interactions in the CTS demand a strong coupling approach. The two separate requirements of
retaining the lattice discreteness and the strong coupling are met only by numerical approaches, and we will largely
limit ourselves to discussions of these.
Numerical approaches suffer from one serious disadvantage, in that they are often for relatively small systems
(especially those results that are obtained through exact diagonalizations). Proper finite size scaling of numerical
results is then crucial for obtaining the extrapolated behavior of the physical system in the thermodynamic limit. This
is, however, often very difficult or even impossible, as strong e-e interactions can preclude calculations for several
different system sizes, which is essential for finite size scaling. QMC and DMRG have their own difficulties (for
example, self-consistent solutions to the e-p interactions can be a problem using these approaches) and are even less
useful when lattice frustration plays a strong role. These limitations can make it difficult to determine whether a
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2 0 2 0
Figure 7. Broken symmetry states in 1D. (a) ρ = 1 2kF BOW and ρ = 1 4kF BOW, both with uniform charge. (b) ρ = 1 2kF CDW. Numbers here
indicate site charge occupancy. (c) ρ = 12 4kF CDW (d) ρ =
1
2 4kF CDW-SP (e) ρ =
1
2 2kF CDW (f) ρ =
1
2 BCDW-II (g) ρ =
1
2 BCDW-I. Lines
indicate bond strength with double lines stronger than single and dashed bonds, respectively. In (c)-(g) black (white) circles indicate sites with
charge density 0.5 + 12 ∆n (0.5 − 12 ∆n).
given broken symmetry that is found from numerical calculations is unconditional or not (an unconditional transition
is one which occurs for infinitesimally small values of the coupling constants α and g in the thermodynamic limit;
finite systems with discrete energy gaps between states give broken symmetries only for nonzero coupling constants.)
In general only unconditional transitions are expected in the physical systems. While conditional transitions that
occur only for couplings above specific threshold values may also occur in a real system, it is necessary to prove
in such cases that the couplings in the real system do exceed the required threshold values. This is also a difficult
task within correlated-electron models. In view of the above, prior to presenting the numerical data we develop
physical heuristic ideas of the unconditional broken symmetries that might be expected within Eq. 7 for ρ = 12 in the
thermodynamic limit. Agreement between the heuristic ideas and numerical results may be considered a criterion for
essential correctness of both.
3.2. Spatial broken symmetries - configuration space based physical ideas
There are reasons beyond justifying numerical results to develop physical ideas concerning spatial broken symme-
tries in correlated-electron materials. First, the alternative physical explanations are usually couched in the language
of Peierls instability, with nesting as the condition for lattice or magnetic instability. This is a strictly one-electron
theory and does not apply to the many-electron Hamiltonian of Eq. 7. The effect of e-e interactions are understood
best in configuration space. Second, as we show below, coexisting, or even co-operative interactions between broken
symmetries are most easily understood within the configuration space picture (by co-operative we refer to the situa-
tion where a given interaction enhances two or more coexisting broken symmetries simultaneously). Below we first
discuss the 1D limit. The AFM phases are not obtained in this limit even at T=0. Transitions to spin-singlet states are
possible, although 2D interactions are necessary to get the same transitions at finite temperature. Our discussions of
the 1D limit will therefore be limited to charge- and bond-order only (see Fig.7). Following this we will discuss the
2D case, where the AFM phases are considered.
3.2.1. The one dimensional limit
Our configuration space arguments are based on the observation that the ground state wavefunction of a broken
symmetry state has unequal contributions from equivalent configurations that are related by the symmetry operator
that is lost when symmetry is broken. For the sake of illustrating the usefulness of the arguments we first discuss the
instabilities in ρ = 1, which is is simpler to understand than any other ρ, because ρ = 1 is an insulator for nonzero
U and because there is minimal coexistence between the BOW and the CDW. We begin with the CO in the 2-site
2-electron molecule. The three configurations that describe the many-electron ground state wavefunction here are
written as 20, 11 and 02, where the numbers correspond to site occupancies by electrons (for SU(2) symmetry the
11 is the spin-singlet combination of site occupancies). The symmetric wavefunction has equal relative weights of
20 and 02, but in the presence of broken symmetry (either because of different site energies or for very large EMV
coupling g) the relative weights will be different. This concept can be easily extended to the 4-site system, where
the equivalent “extreme” configurations that are now related by symmetry but make unequal contributions to the
wavefunction are 2020 and 0202. Configurations 2011 (or 1120) are closer to 2020, from which they are obtained by
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a single one-electron hop, while three such hops will be necessary to reach them from 0202. One can then construct
“paths” between the extreme configurations 2020 and 0202, such as:
2020→ 2011→ 1111→ 0211→ 0202
where each arrow denotes a single one-electron hop. There exist many such paths, as branching can occur at any
intervening point:
2020→ 2011→ 2002→ 1102→ 0202
Due to the very short path lengths between the “extreme” configurations, configuration mixing is very efficient in
finite molecules which do not exhibit unconditional broken symmetry. As the system size N → ∞, however, the path
lengths approach infinity, and in spite of the very large number of paths, the system may be “stuck” on one or other
side of the symmetric configurations, thus undergoing broken symmetry. In the infinite system, g→ 0+ may therefore
be sufficient to give the 2kF CDW (Fig. 7(b)) here in the limit of U = 0. The consequences of e-e interactions can
now be determined from inspection of the paths alone. U diminishes double occupancies, thus making the paths
“downhill” to the symmetric configurations, and therefore strongly reduces the amplitude of the CDW.
The 2kF BOW in ρ = 1 (Fig. 7(a)) has in the past been of enormous interest because of its applicability to
polyacetylene [137]. The extreme configurations that favor one or other bond alternation phase are now the valence
bond (VB) diagrams 1–2 3–4 5–6 .... and 2–3 4–5 6–7...., in which nearest neighbors are linked by spin-singlet bonds.
Charge-transfer between bonded sites which are spin-paired is necessarily stronger than that between non-bonded
sites, and thus the bond-alternated wavefunction has inequivalent contributions from the above two VB diagrams.
Unlike the case of the 2kF CDW, we now see that to reach one extreme VB diagram from the other, creation (as
opposed to destruction) of double occupancies now becomes necessary. This creates an energy barrier along the path
connecting the two extreme VB diagrams, and hence we expect the Hubbard U to enhance the bond alternation [92].
The predicted enhancement of the strength of the 2kF BOW by U has been confirmed by numerical calculations by
many authors [138–141].
Other conclusions that can be drawn from the nature of these diagrams include the absence of coexistence between
the BOW and the CDW in ρ = 1, since each of these broken symmetries is “favored” by extreme configurations that
are different, and that are non-overlapping in the thermodynamic limit. Although we have limited ourselves to 1D in
the above, in the special case of ρ = 1 Coulomb effects on broken symmetries can be understood even in 2D (where
AFM becomes relevant) using similar arguments [142]. The idea that the pattern of broken symmetry and that the
effects of e-e interactions can be predicted from configuration space based physical ideas has a firm basis.
The situation is much more complicated for ρ , 1, which can be conductors even for nonzero U in the absence of
spatial broken symmetry. Further, unlike in ρ = 1, we will see that coexistence of BOW and CDW is now the norm.
ρ = 12 , U = 0. There are three classes of configurations that constitute the wavefunction of the ρ =
1
2 unit cell:
2000 (class I), 1100 (class II) and 1010 (class III). There are four each of the first two (related to one another by C4
symmetry) but only two of the last (related by C2). At U = 0 all individual configurations are equally preferred, which
means that classes I and II with larger multiplicities each make larger contributions to the wavefunction than the class
III configurations. Breaking of spatial symmetry at U = 0 then involves either class I or II configurations. Loss of C4
symmetry, which generates 2kF periodicity, implies that the four configurations · · · 2000 · · · , · · · 0200 · · · , · · · 0020 · · ·
and · · · 0002 · · · within class I make unequal contributions to the ground state wavefunction. The 2kF broken symmetry
can also involve the class II configurations, and the two competing broken symmetries are described by different phase
angles (see below).
There are two inequivalent charge-poor sites labeled ‘0’ in · · · 2000 · · · distinguished by their distances from sites
labeled ‘2’. For nonzero t there is significant charge-transfer across the 2-0 bonds and very little across the 0-0 bonds.
Thus if 2kF instability involving class I configurations dominates we expect strong co-operative coexistence between
the 2kF CDW (with charge modulations of charge-rich, intermediate charge, charge poor, intermediate charge) and
2kF BOW with bond strength modulations SSWW (S =strong, W = weak), as shown in Fig. 7(e). The charge-rich
(and charge-poor) sites in · · · 1100 · · · are completely equivalent. The bond strengths will be modulated within this
CDW also: at U = 0 charge-transfer across the 1–1 bond occurs in both directions, while in the 1–0 bond this is in
one direction only. Thus type II 2kF instability will give 2kF CDW with charge modulation charge-rich, charge-rich,
charge-poor, charge-poor and bond strength modulations SMWM (S =strong, M= medium, W = weak) as shown in
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Fig. 7(f). The two broken symmetries are mutually exclusive, and both correspond to Peierls 2kF CDWs, with charge
densities on sites n given by ρn = ρ¯ + ρ0(cos 2kFn + θ), where ρ¯ = 12 and θ = pi/2 and pi/4, respectively. From the
physical arguments alone there is no way to predict which of the two CDWs wins at U = 0. Actual calculations
indicate that 2000 dominates over 1100 at U = 0, but barely [93].
Weak to intermediate U, weak V. We imagine increasing U slowly from zero, in the V = 0 limit initially. The near
degeneracy between · · · 2000 · · · and · · · 1100 · · · that exists at U = 0 is quickly destroyed by U and · · · 1100 · · · begins
to dominate. We will refer to the coexisting BOW and CDW – a Bond-Charge Density wave (BCDW) – as the 2kF
BCDW-II (Fig. 7(f)) [34, 118, 130], to distinguish it from a second BCDW that appears at stronger correlations (see
below). As the above arguments indicate, the appearance of the BCDW-II phase does not need non-convex intersite
Coulomb interaction (V1 < 2V2, where V1 and V2 are NN and NNN interactions, respectively), as has sometimes been
claimed [143]. Non-convex Coulomb potentials are unrealistic, as they require screening at short range to be larger
than that at long range. Our arguments above show that the BCDW-II can be driven by a quantum effect, the tendency
to form nearest neighbor spin-singlets.
As U is increased further, charge-transfer across the 1-1 bond, which creates a double occupancy, will gradually
get weaker, while the 1-0 bond gets relatively stronger at the expense of the 1-1 bond strength. There will thus be a
gradual cross-over where at the end point is the 2kF BCDW-I, with the bond strengths now SW′SW (S = strong, W =
weak, W′ = weak bond stronger than W), where the S, W′ and W bonds corresponding to 1–0, 1–1 and 0–0 bonds,
respectively (see Fig. 7(g)). The longer bond length between the charge-rich sites implies that the crossover from the
BCDW-II to the BCDW-I is facilitated by nonzero V for each U. Note that the BCDW-II and I are the two extreme
distortion patterns, with the BCDW-II dominating at small U and BCDW-I at large U.
Large U, moderate V. This parameter region has been investigated much more widely. As already pointed out in
Section 2.2, in the U → ∞ limit the system effectively mimics a band of 1D spinless Fermions. In the limit of α,
g→ 0, but nonzero V , the Hamiltonian of Eq. 7 reduces to the effective Hamiltonian,
Heff = V
∑
i
nini+1 − t
∑
i
(a†i ai+1 + a
†
i+1ai) (8)
where as in Eq. 3 the a†i create spinless Fermions and ni = 0, 1 only. For large V , the ground state now is the 4kF CO· · · 1010· · · Jordan-Wigner transformation converts the effective Hamiltonian Eq. 8 to the XXZ spin Hamiltonian with
Jz = V and J = 2|t|. The AFM solution to the spin Hamiltonian corresponds to the 4kF CO in the particle language,
and from exact Bethe ansatz solution of the spin Hamiltonian it is ascertained that the CO ground state is obtained
only for V > Vc = 2|t|. For V < Vc the system is a Luttinger liquid (LL) [144, 145] (see [146] for a review of Luttinger
liquids).
The exact result in the particle language is an entropy effect that can also be understood physically, from the
perspective of the extreme configurations · · · 1010 · · · and · · · 0101 · · · and the paths connecting them. The first few
steps of one such path are given below. The very first step creates a pair of nearest neighbor occupancies “11” (and a
pair of vacancies “00”) and costs an initial energy V , but further electronic motion is barrierless:
· · · 1010101010 · · · → · · · 1010011010 · · · → · · · 1010010110 · · · → · · · 1001010110 · · ·
Band-like motion of the occupied pair “11” and the unoccupied pair “00” occurs after the first step, where each
pair moves over two lattice sites, giving an approximate energy dispersion Ek = V − 2|t| cos(2k1a) − 2|t| cos(2k2a),
k1 + k2 = k. The schematic energies of the CO state and of the excited band shown in Fig. 8(a), where a charge gap
appears only for V ≥ 2|t|.
The point of constructing the above argument for a case where the exact solution is available is to extend it to
the finite U case. In addition to the paths between the two extreme CO configurations that are of the type indicated
above, involving only single occupancies and vacancies, for finite U there will occur additional paths in which the
intermediate configurations also possess double occupancies. The large number of such configurations increases the
the bandwidth due to the “excited” configurations rapidly, and we expect Vc(U) to increase as U decreases from
infinity (see Fig. 8(b)).
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Figure 8. (a) Schematic of the energy spectrum of the spinless Fermion Hamiltonian at V = 2|t| (Eq.8). The band center is at E = V , the energy
required to create one dimer. Above the · · · 1010· · · CO, there is a continuum due to the band motion of the 1-1 and 0-0 dimers (see text). The
width of this band is half that of a free electron band since each hop of the dimer takes it through two lattice sites. The width of the energy spectrum
is fixed by |t| alone and hence an energy gap develops for V > W/2. (b) Schematic of the energy spectrum for finite U. Now the CO configuration
is the same as before but the width of the total energy dispersion is larger due to the much larger number of additional configurations with double
occupancies excluded in the spinless Hamiltonian.
Spin dependence of Vc(U) and implication. Within the 1D EHM, E(S ) < E(S + 1), where E(S ) is the lowest energy
in the spin subspace S . Fig. 8(b) in the above then corresponds to the case of total spin S = 0. One can visualize
solving the Hamiltonian separately for each different spin subspace, and determining numerically Vc(U) for each S .
Vc is clearly spin dependent, as Fig. 8(a) continues to be valid for the ferromagnetic subspace S = S max even for finite
U, since double occupancies are not possible in this subspace. We therefore conclude that Vc(U, S max) < Vc(U, S = 0).
Our discussion of the entropy effect for finite U shows that the entropy effect increases with the probability of double
occupancy, which decreases monotonically with increasing S . The total number of configurations in any spin subspace
decreases with increasing S which implies that the width of the continuum in Fig. 8(b) decreases with increasing
S . It is then possible to interpolate between the two extreme cases of S = 0 and S = S max and to conclude that
Vc(U, S ) > Vc(U, S + 1). This spin-dependence implies a temperature dependence, since in the temperature regime
T2kF < T < T4kF the excitations of the EHM are predominantly spin excitations, and hence the partition function
and free energy are dominated more and more by high spin states as the temperature increases from T2kF . The
consequences for the transitions in the real materials are then as follows.
The charge-gapped state below T4kF in ρ =
1
2 systems with moderate to large U, V is understood within the
spinless Hamiltonian of Eq. 8, in the presence of nonzero α and g. The effective 12 -filled band, depending upon the
value of V in the real system, will undergo transition to the site-diagonal CO · · · 1010 · · · (Fig. 7(c), for V > 2|t|) or
to the state with 4kF BOW (Fig. 7(a) with ρ = 12 , for V < 2|t|), with alternating short and long bonds (the 4kF BOW
is sometimes referred to as the Dimer Mott insulator [132, 147]). The evolution from the charge- or bond-alternated
phase to the SP phase is, however, nontrivial. The straightforward scenario is that the nature of the SP phase below
T2kF is predetermined already at T4kF by the nature of the high temperature phase. Within this scenario the 4kF CO
phase upon cooling undergoes SP transition to a state in which the overall charge distribution remains nearly the same,
and the bonds between the charge-rich sites alternate (hereafter 4kF CO-SP state, Fig. 7(d)) [132]. Similarly, the dimer
units within the 4kF BOW phase move closer or further apart from one another below the SP transition. In this case
the larger spin exchange between NN sites on dimers that are closer to one another leads to larger charge densities,
as is shown in Fig. 7(g). In addition to these straightforward evolutions the spin dependence of Vc(U) requires that
there exists a third possibility, wherein the 4kF CO upon cooling evolves into the 2kF BCDW-I instead of the 4kF
CO-SP state. This will occur in experimental systems in which the material parameter V is greater than 2|t| but less
than Vc(U, S = 0). We will discuss all possible cases in Section 4.
BCDW-II. While the CO in BCDW-I and BCDW-II is identical, their bond patterns are different [130]. Importantly,
the location of the singlet bond is different, being intra-dimer in BCDW-II (Fig. 7(f)) and inter-dimer in BCDW-I
(Fig. 7(g)) [34, 130]. As discussed above, in systems where the ground state is BCDW-I, a high temperature transition
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Figure 9. (a)-(b) AFM configurations possible between weakly coupled 1D chains with · · · 1010 · · · CO (c) AFM coexisting with · · · 1100 · · ·
BCDW.
to either 4kF BOW or 4kF CO is expected above the SP transition. When the high temperature state is the 4kF
BOW, the low temperature 2kF BCDW-I can be intuitively understood as a “second dimerization” of a dimer lattice,
with inter-dimer bonds alternating between W and W′ [128]. However, the bond distortion of BCDW-II cannot be
visualized in this manner. Instead, if an effective 12 -filled band dimer model is constructed for BCDW-II, the dimer
occupations follow the ρ = 1 CDW pattern · · · 2–0–2–0· · · . Within such an effective model there would be a single
transition from uniform charge to this CO state.
Other key differences between BCDW-I and BCDW-II can be seen in results of numerical calculations that include
both e-e and e-p interactions (see Section 3.3.2). In BCDW-I the amplitude of the CO is always small. However, in
BCDW-II, depending on the e-e and e-p parameters, the CO amplitude can become very large. With the singlet
forming at the strongest (intra-dimer) bond in the chain, larger spin gaps are expected in BCDW-II. When the CO
and BOW amplitude becomes very large, the separation of the energy scales of 4kF and 2kF distortions that give low
and high temperature transitions can then possibly break down in the BCDW-II case [130]. As we discuss in Section
4.3, for several 1D ρ = 12 CTS such as (EDO-TTF)2X, a single coupled MI and spin-gap (SG) transition is found
at remarkably high temperatures. The measured bond distortion pattern in several of these materials follows that of
BCDW-II, and large CO amplitudes are also found.
3.2.2. Weak two dimensional interactions
AFM becomes relevant for nonzero interchain Coulomb interactions and carrier hopping. The crystal structure of
(TMTCF)2X is such that frustration also plays a role. The AFM configurations can be derived from both the charge
occupancies · · · 1010 · · · and · · · 1100 · · · . Even with the single chain site charge occupancies · · · 1010 · · · there are
two distinct possibilities, as shown in Fig. 9(a) and (b), respectively. As we will see in the next subsection, charge
occupancy · · · 1010 · · · is most relevant at the left end of the phase diagram in Fig. 6. The correct 2D site occupancy
for the AFM configurations in Figs. 9(a) and (b) is therefore the one which evolves naturally to the spin singlet SP
state as interchain interactions are increased. Fig. 9(c) shows the AFM configuration with site charges · · · 1100 · · · . In
this AFM configuration the total charge within each dimer (sites connect by double lines in Fig. 9(c)) is one, which
is however distributed unequally between the two sites comprising the dimer. Note that in this case AFM is expected
to coexist with lattice distortion, as indicated in the Figure. We have termed the combined BCDW and AFM state of
Fig. 9(c) a Bond-Charge Spin Density Wave (BCSDW) [128].
3.3. Numerical Results
In this section we review numerical results in one dimension for ρ = 12 and for weakly coupled ρ =
1
2 chains.
3.3.1. One dimensional extended Hubbard model
In the absence of e-p interactions, the zero temperature phase diagram of Eq. 5 in one dimension in the range
of parameters appropriate for quasi-1D CTS is by now well characterized. The onsite Coulomb interaction U/|t| is
expected to be in the range of 6–8 [129]. Based on comparison with quasi-1D ρ = 1 CTS, where a CDW driven by V
with pattern · · · 2020· · · (Fig. 7(b)) does not occur, it is expected that V < U/2 [129].
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Figure 10. (color online) Zero temperature phase diagram of the 1D extended Hubbard model Eq. 5 in one dimension at ρ = 12 , as determined from
DMRG calculations of up to 60 sites. Contours show the values of the LL exponent Kρ. Reprinted with permission from Ref. [136], c© 2009 The
American Physical Society.
Except in the · · · 1010· · · WC phase when V > Vc, the low energy properties of Eq. 5 are those of a LL [144–146].
The phase diagram may then be mapped out by calculating the LL correlation exponent Kρ, which determines the
asymptotic form of the charge and spin correlations [146]. For Kρ < 13 , 4kF charge correlations are more divergent
than 2kF charge correlations, and for Kρ = 14 the insulating · · · 1010· · · phase is reached [146]. This phase boundary
has been mapped out using exact diagonalization [81, 82, 120, 123], QMC [83], and DMRG [133, 136] methods.
Fig. 10 shows the phase diagram as obtained from finite-size scaled DMRG calculations [136]. Two important limiting
cases for the boundary to the · · · 1010· · · phase are the large U limit, where as described above Vc=2t, and in the limit
of large V , where Uc=4t [81].
3.3.2. One dimensional Peierls-extended Hubbard model
4kF phases. The competition of the · · · 1010· · · CO with and without an accompanying bond distortion (Fig. 7(c)
and (d)) with BCDW-I and BCDW-II has also been studied [83, 132]. Fig. 11 shows the ground-state phase diagram
of Eq. 7 calculated with self-consistent exact diagonalization for 16 sites with U/t = 8 [83]. As V/t increases, the
amount of phase space with the 4kF CDW and 4kF CDW-SP phases compared to the BCDW increases (see Fig. 7).
For smaller values of V/t a finite intrasite e-p coupling is required for the 4kF CDW-SP phase (see Fig. 11(a) and (b)),
suggesting that the 4kF CDW-SP may not occur unconditionally (i.e. in the limit of 0+ e-p interactions). Resolving
this issue will require finite-size scaled numerical calculations, which to our knowledge have not been performed in
this region of parameter space.
Temperature-dependent WC-to-BCDW-I transition. In a 1D electron system no phase transitions are expected except
at zero temperature. However, once 2D and 3D interactions and coupling to the anions are included, finite-temperature
phase transitions must result, as demonstrated by Fig. 6. To include these additional interactions is simply not feasible
without making uncontrolled assumptions as in mean-field approximations. However, information as to the relative
order in temperature of different transitions can still be determined by examining the excited states of the purely 1D
system, as well as the temperature dependence of the charge and bond susceptibilities [129].
The spin dependence of Vc (see Section 3.2.1) has been verified by explicit calculations on the EHM [129].
Fig. 12(a)-(b) show calculations of Vc for a 32 site periodic ring for different S z values. The QMC calculation method
used here conserves S z but not total S . However, the Lieb-Mattis theorem [148], E(S ) < E(S + 1), where E(S ) is the
energy of the lowest state in the spin subspace S , applies to the 1D EHM. Because of the absence of a magnetic field,
all S z states for a given S are degenerate, and results for the lowest state within each S z must pertain to S = S z [129].
The apparently larger Vc = 2.3t > 2t in Fig.12(b) for the fully polarized Sz=8 is the result of finite-size effects, which
does not however change the ordering of critical V’s with S z.
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Figure 11. Phase diagram of Eq. 7 in one dimension at ρ = 12 from 16-site exact diagonalization calculations [83]. Here λα = α
2/(Kαt) and
λβ = g2/(Kgt) are the dimensionless inter- and intra-site e-p couplings, respectively. Parameters are U/t=8 and (a) V/t=2; (b) V/t=3; and (c) V/t=4.
In Reference [129] temperature dependent QMC calculations were also performed for Eq. 7 with dynamic e-p
interactions within the following Hamiltonian: :
H = HSSH + HHol + Hee (9a)
HSSH = t
∑
i
[1 + α(a†i + ai)]Bi,i+1 + ~ωS
∑
i
a†i ai (9b)
HHol = g
∑
i
(b†i + bi)ni + ~ωH
∑
i
b†i bi (9c)
Hee = U
∑
i
ni,↑ni,↓ + V
∑
i
nini+1. (9d)
In the above, a†i and b
†
i create dispersionless SSH and Holstein phonons on the ith bond and site, respectively, with
corresponding phonon frequencies ωS and ωH. The electron hopping and interaction terms are otherwise identical
to Eq. 7. Figs. 12(c) and (d) show the charge and bond susceptibilities at 2kF and 4kF as a function of temperature
for V = 2.75t. This value of V is between V(S z = S maxz ) = 2t and Vc(U) ≈ 3.0t. At high temperature, χρ(4kF) >
χρ(2kF), indicating that · · · 1010· · · CO is favored. However, at low temperature χρ(2kF) > χρ(4kF), with χρ(2kF) and
χB(2kF) becoming divergent as T → 0, indicating that the · · · 1100· · · BCDW is the ground state. This has important
experimental implications, see Section 4.1.3.
BCDW-I versus BCDW-II. Within the semi-classical limit of Eq. 9a, the displacement of the ith site from equilibrium,
∆i, can be written as a superposition of 2kF (period 4) and 4kF (period 2) terms [118, 130],
∆ j = ∆0[a2 cos(2kF j − φ2) + a4 cos(4kF j − φ4)]. (10)
In Eq. 10, ∆0 is the overall amplitude and the normalization condition a2 + a4 = 1 is assumed. The phase angles are
(φ2 = pi2 , φ4 = 0) for BCDW-I and BCDW-II [118, 130]. Provided (U, V) are not close to the · · · 1010· · · region of the
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Figure 12. (a) The Luttinger liquid exponent Kρ calculated for the EHM for U = 8t as a function of V and Sz. Results are for a 32-site periodic
ring [129]. (b) Vc as determined from (a) where Kρ = 14 (c)-(d) Finite-temperature QMC calculation of the charge (c) and bond (d) susceptibilities
for a 64-site periodic ring as a function of temperature. Phonons are treated dynamically, with parameters U = 8t, V = 2.75t, α = 0.27, ωS = 0.1,
g = 0.5, and ωH = 0.5 (see text). The arrow indicates where χρ(2kF) = χρ(4kF) [129].
electronic model, the ground state of Eq. 7 is either BCDW-II Fig. 7(f) or BCDW-I Fig. 7(g) [118, 130]. In the limit
of weak e-p interactions, a2/a4 in Eq. 10 is controlled by U and V , with stronger e-e interactions giving BCDW-I (see
Section 3.2.1). In the 1D model a crossover occurs between BCDW-I and BCDW-II, shown in Fig. 13 [130].
The principal difference between BCDW-I and BCDW-II is the location of the strongest bond, which is intra-dimer
in BCDW-II and inter-dimer in BCDW-I [34, 118, 130]. The amplitude of the CO coexisting with BCDW-I is of small
amplitude for all choices of e-e and e-p interactions, with ∆n∼0.1 (we define ∆n=nlarge-nsmall as the difference between
the large and small charge densities) [130]. On the other hand, the CO coexisting with BCDW-II can be of very large
amplitude depending on the value of the intra-site e-p coupling g, with ∆n∼0.9 possible for large g. Fig. 13(b)-(c)
shows finite-size scaled results for ∆n and the lattice distortion magnitude ∆0 as a function of U and the intra-site
e-p coupling [130]. Strong intra-site e-p interactions in particular can greatly enlarge the region of parameters giving
BCDW-II [130].
3.3.3. Weakly two dimensional results
The emergence of AFM in 2D depends critically on the amount of frustration in the lattice. Numerical work shows
that when 1D chains with the BCDW distortion and e-e interactions are coupled by unfrustrated inter-chain bonds t⊥
(see Fig. 14(a)), the result is a 2D state combining charge distortion, bond distortion, and AFM order, the BCSDW
[128, 149]. The experimental relevance of this novel result is discussed in Section 4.2.
Reference [128] considered a series of rectangular lattices of coupled dimers. In Fig. 14(b) ∆E is defined as the
energy gain upon formation of the BCDW-I state from this dimer lattice, i.e. the difference in the energies of the
uniformly dimerized system and the system with the BCDW-I distortion along the chains. As shown in Fig. 14(b), ∆E
per site is greater for the 2D system of coupled chains than for a 1D chain with the same bond distortion, provided e-e
interactions are included. The ratio ∆E/∆E(t⊥ = 0) increases rapidly above unity from t⊥ = 0 through intermediate
t⊥, suggesting that the BCSDW state is favored for weak interchain interactions. In the BCSDW state the spin pattern
in terms of dimers (see dotted box in Fig. 14(b)) follows the usual Ne´el pattern. The gain in energy over the 1D
chain in the presence of interactions comes from antiferromagnetic exchange between the anti-parallel spins along the
perpendicular bonds.
On a frustrated lattice, which is present in nearly all of the 2D CTS (see Section 5) and is also relevant for TMTSF
under pressure, the BCSDW may no longer be the ground state. Instead, a state composed of interchain local NN
singlets can become favored. We return to this possibility in Section 6.2.
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Figure 13. (color online) Left: Phase diagram of Eq. 7, for ρ = 12 in the limit of weak (α = g = 0
+) e-p interactions [130]. Solid lines are
strong-coupling expansion results; solid symbols are QMC points where Kρ = 13 (see text). Open points mark the crossover between BCDW-I and
BCDW-II bond patterns. Right: Charge order amplitude ∆n and distortion amplitude ∆0 (see text) for the Hamiltonian of Eq. 7 at ρ = 12 versus U,
for α = 1.2, Kα = Kg = 2.0, and V = U/4 [130]. Solid (dashed) lines denote parameters giving the BCDW-II (BCDW-I) bond distortion.
3.4. Summary
(i) Within the quarter-filled one dimensional extended Hubbard model (Eq. 5) the · · · 1010· · · Wigner crystal (WC)
of single electrons occurs only for the nearest-neighbor Coulomb interaction V > Vc(U) > 2|t|, and Vc(U) increases
with decreasing U. (ii) The critical V , Vc(U), is spin-dependent with Vc(U, S ) > Vc(U, S + 1). (iii) This implies there
is a range of V , 2|t| < V < Vc(U), where at high temperature · · · 1010· · · 4kF charge order is accompanied at low
temperature by a spin-Peierls phase that is · · · 1100· · · . (iv) For weak t⊥ there exists a bond-charge-spin density wave.
4. Broken symmetries in quasi-one-dimensional CTS, Experiments
In spite of the significant theoretical progress achieved over the previous two decades completely consistent un-
derstanding of the spatial broken symmetries in the quasi-1D 2:1 cationic CTS has still not been reached. There are
many reasons for this, the most important of which, in decreasing order of importance according to us, are given
below.
(i) Not all cationic 2:1 1D materials are described by Fig. 6. The material (EDO-TTF)2X (X=PF6, AsF6), in which
TMI = TCO = TS G [150] is in a class of its own. There exist other materials in which there occurs the SP transition,
but either the CO transition at a higher temperature is absent completely, or the SP transition occurs at a pressure
where the CO has vanished. In all such cases TMI is much larger than TSP. The list here includes (TMTTF)2I [151],
(BCPTTF)2X (X=PF6 and AsF6) [152, 153], (o-DMTTF)2X (X=Cl, Br,I) [154] and (EDT-TTF-CONMe2)2X (X =
AsF6, Br) [155]. In spite of their differences from the “standard” 2:1 CTS which do belong to one or more regions
of the phase diagram in Fig. 6, we believe these “nonstandard” materials should also be described within a single
“umbrella” theoretical viewpoint. This is attempted below within the context of the theoretical work described in the
previous section, along with explicit discussions of issues that remain to be understood.
(ii) The charge difference ∆n between charge-rich and charge-poor sites has been obtained mostly from measure-
ments of spin-lattice relaxation time T1 and from infrared spectroscopy. Optical spectroscopy in such cases gives ∆n
that is far smaller than that obtained from T1 measurements [94, 156]. There is also disagreement between different
experimental groups over whether or not ∆n shows a significant decrease upon entering the SP phase from the CO
phase [94, 156–159].
(iv) The same disagreement exists also between theoretical groups, which follows from a related but different
disagreement over whether or not the SP phase can have the · · · 1010 · · · order [102, 103, 129].
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Figure 14. (a) The Bond-Charge-Spin Density wave (BCSDW) state [128]. (b) The per-site energy gained upon inter-dimer bond distortion,
∆E, normalized to its value in 1D. The lattice is a rectangular dimer lattice with intra-dimer (inter-dimer) hopping of 1.2 (0.8) along the chains,
and variable inter-chain hopping t⊥. Solid lines are exact results, points are calculations using Constrained Path Monte Carlo (CPMC) [128].
∆E/∆E(t⊥) > 1 over a wide range of t⊥ indicates that the BCSDW state of (a) is stabilized by e-e interactions.
X Tρ TAO TCO TSP TN
TaF6 ? — 175(a) — 9(a)
SbF6 ' 240(b),(c),(d) — 154–157(e),(f) — 8(c),(g)
AsF6 230–250(d),(f) — 102(h),(f) 13(e),(i) —
PF6 250(d),(f) — 67(d),(f),(h) 19(d),(e) —
Br ' 200(f) — 28(f) — 13(j),(k)
I ? — — 21(g) —
SCN 265(b) 160–170(e),(f) — — 7–9(m),(n)
ReO4 290(e),(f) 154(e),(f) 227.5(f) — —
BF4 220(e),(f) 40(e),(f) 83(f) — —
Table 2. Tρ, TCO, TAO, TSP, and TN for different X in the series (TMTTF)2X. All temperatures are in Kelvin. (a) Reference [160], (b) Reference
[161], (c) Reference [162], (d) Reference [94], (e) Reference [163], (f) Reference [164], (g) Reference [165], (h) Reference [166], (i) Reference
[167], (j) Reference [168], (k) Reference [169], (l) Reference [151], (m) Reference [170], and (n) Reference [171].
In the following we discuss all of the above issues, first for the more traditional Fabre salts, then for the Bechgaard
salts, and finally for the nonstandard materials mentioned in (i). Fig. 15 shows our proposed interpretation of the
insulating phases in Fig. 6 [103, 129]. We discuss our interpretation of these phases in Sections 4.1-4.3 below.
4.1. Traditional Fabre salts
In Table 2 we have listed the Fabre salts which are most relevant in the context of the present review. In all cases
we have given the different temperatures at which the various transitions are observed. Tρ is the temperature at which
charge-localization, as measured from transport studies, is observed. Blanks imply that the particular state is absent
in the material under consideration (AO transitions are absent in the salts with centrosymmetric anions; similarly, the
CO transition does not occur in X = I, see below). Before we discuss individual materials, we point out some general
trends and their implications. First, “CO” in Fig. 15 and in Table 2 refers to the · · · 1010 · · · 4kF CDW. This has been
confirmed from measurements of dielectric permittivity, which show giant responses at TCO, indicating ferroelectricity
and loss of inversion symmetry [164, 172]. We shall henceforth refer to the CO phase in Fig. 15 and in Table 2 as the
ferroelectric CO (FCO), to distinguish it from the · · · 0110 · · · BCDW. The latter is relevant only in the case of SP and
the AFM-II states (see below).
Second, given the charge carrier density of 0.5 per TMTTF, and TCO < Tρ, there can be only one interpretation of
Tρ, viz., it corresponds to the transition to the dimerized 4kF BOW state which has lost its sharpness because of the
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Figure 15. Schematic (TMTSF)2X and (TMTTF)2X phase diagram with proposed charge occupancies. Open (filled) arrows indicate the ambient
pressure locations of TMTTF (TMTSF) salts [129].
influence of the anions. Structural data from experiments such as diffuse X-ray scattering are obscured by the intrinsic
dimerization along the TMTTF stack axis that may or may not be driven by cation-anion interaction. The observed
dimerizations even decrease below Tρ in some cases, but this need not mean that the difference in the bond orders
(Bi j in Eq. 7) also decreases [169]. In cases where metallic transport behavior is seen at high T in spite of crystal
structure-driven dimerized structure, the bond orders of consecutive bonds must necessarily be almost equal for the
charge-gap to be absent. TCO < Tρ then demonstrates that V in the real materials in less than Vc(U, S = 0), and that
the FCO transition does not result from a natural instability of the 1D chain, but from other influences.
Third, among the salts with anions of octahedral symmetry (TaF6, SbF6, AsF6 and PF6), TCO decreases with
decreasing anion size. This can be a consequence of reduced chemical pressure with large anions, which tend to
give larger interstack separations. It can also indicate larger electrostatic interaction between the TMTTF molecules
and larger anions, implying that the electrostatic interaction is the driving force behind the FCO transition. The
strong influence of the anions on the FCO is seen most clearly from the nearly linear decrease of TCO with increasing
distance between the ligands of the anions (O or F) and the sulfur atom in TMTTF [94, 173]. There is then an apparent
contradiction in the absence of the any kind of CO in X = I, and the observation of charge-induced instability in X =
Br [169], which is smaller. As we explain below, this is due to (TMTTF)2Br belonging to the AFM-II region of the
phase diagram, where the CO pattern is different from the FCO that characterizes AFM-I.
Fourth, there appears to be no correlation between TCO and TN. However, for the two systems where both FCO
and SP transitions occur (X = AsF6 and PF6), TSP is smaller in AsF6 with the larger TCO. TCO is even larger in X =
SbF6, which lies in the AFM-I region and exhibits the SP state only under pressure. In all cases therefore there is a
competition between the FCO and SP phases. In the remainder of the discussions below, we will try to understand the
pattern of the CO (if any) within each of the phases in Fig. 15.
4.1.1. The FCO phase
Although the FCO transition was referred to as “structureless” in the earliest days [163], recent uniaxial thermal
expansivity measurements in (TMTTF)2AsF6 and (TMTTF)2PF6 have found distinct lattice effects at TCO [174]. The
lattice effects are most dramatic along the c∗-direction, which is perpendicular to the plane containing the TMTTF
molecular planes, and along which direction the TMTTF planes and the anions planes alternate. The effects are
weakest along the stacking axis (a-direction) in X = PF6 and could not be measured in X = AsF6 samples, which
could not sustain the strain along this direction. A peak in α∗c, the thermal expansivity along the c∗-axis is seen at
T slightly above TCO, with negative dα∗c/dT at higher temperatures. The anomaly in the c∗-axis thermal expansivity
and the accompanying loss of inversion symmetry are believed to be due to the uniform displacement of the anions
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towards the charge-rich TMTTF sites (see Fig. 4 in reference [174]). Coupling between electrons and the anion
displacement field has been suggested as the driving force behind the FCO transition [121]. Bond alternation (4kF
BOW instability) within the 4kF CO phase has been suggested as an additional mechanism for ferroelectricity, as this
will remove inversion symmetry too [175] (note however that if Tρ is considered to be TMI then actually the 4kF CDW
is occurring here within the BOW phase and not the other way around; the symmetry-related arguments remain valid
nevertheless).
4.1.2. The AFM-I phase
Among the existing TMTTF salts only two materials belong in the AFM-I phase: X = TaF6 and SbF6. Of these,
the first was obtained as a consequence of a deliberate search, based on the anticipation that an octahedral anion that
is even larger than SbF6 should give a complex in the AFM-I region of the phase diagram [160]. TCO larger than in
SbF6 confirms the role of the anion in the CO formation. No pressure-dependent study of (TMTTF)2TaF6 has been
carried out yet. We shall therefore focus on (TMTTF)2SbF6, which has been taken across all the regions of the phase
diagram in Fig. 15 by application of pressure (SC appears at pressure > 5.4 GPa [162], which is the highest among
Fabre salts with octahedral anions.)
Dielectric permittivity measurements have indicated appearance of the FCO at 157 K in X = SbF6 [164, 172].
For a long time it was assumed that TCO coincides with Tρ here [165], but the actual Tρ is higher [173] (see also
phase diagram in Fig. 9 of reference [159].) This distinction is important, as it indicates that the metal-insulator
transition is likely due to bond strength alternation (as measured by actual differences in bond orders, see above),
and the FCO phase occurs within the dimerized state, leaving open the mechanism of the SP transition (BCDW-I
versus 4kF CDW-SP). The charge disproportionation at ambient pressure, as detected from 13C-NMR [159, 165], is
∆n ' 0.5. A significantly smaller value, 0.25 - 0.30 is obtained from infrared spectroscopy [94]. Pressure decreases
TCO monotonically, with TCO ∼ 110 K at P = 0.5 GPa [159] (90 K and 0.5 GPa [165]). The lowest temperature phase
at ambient and low pressures is the AFM-I phase [159, 165], and TN, like TCO, decreases monotonically with pressure.
Above 0.8 GPa no evidence for CO could be detected from 13C-NMR [159, 165]. NMR measurements indicate that
the low temperature phase is the SP phase for pressure greater than 0.5 GPa [159, 165]. Taken together, all of the
above suggest co-operative coexistence between the FCO and AFM-I, but competition between FCO and the SP. We
believe that the lack of evidence for the FCO in the region where the SP state occurs is a signature of the · · · 1100 · · ·
BCDW nature of the SP phase, as is the observation that ∆n decreases severely in the SP phases of X = AsF6 and PF6
(see below). Deuteration of the protons of the methyl groups in TMTTF gives (TMTTF-d12)2SbF6, in which TCO is
enhanced by ∼ 20 K [176, 177]. No simple explanation based on crystallographic structure analysis [159] seems to
suffice, and an alternate explanation for this involves the Holstein e-p coupling. Specifically, the larger mass of the
deuterium reduces the phonon frequency taking the system closer to the static limit.
Pressure-induced transition from the SP to the AFM-II phase in X = SbF6 at the lowest temperatures is achieved
for pressure greater than 2.0 GPa [159]. We believe that the AFM-II phase is the · · · 1100 · · · BCSDW of Sections
3.2.2 and 3.3.3 (see Fig. 15). This is discussed further below.
4.1.3. The SP phase in X = PF6 and AsF6
The spin-gapped states in the Fabre salts occur in the higher chemical pressure region of the phase diagram in
Fig. 15, relative to the AFM-I phase. This suggests greater 2D character in the spin-gapped systems than in the
AFM systems, which appears to contradict the conventional wisdom that the SP transition is associated with one-
dimensionality and antiferromagnetism with two dimensionality. This has led Nakamura et al. to argue that the
spin-gapped states here are not true SP states [151, 159]. It is our belief that this discussion is largely semantic:
while it is true that weak 2D interactions stabilize the SP state against the AFM-I in the Fabre salts, the singlet spin-
bonded sites lie on the same stack in these systems, as has been confirmed from elastic neutron-scattering studies
in (TMTTF)2PF6 [178]. While frustration-induced interchain interactions, over and above the 1D e-p interactions,
may indeed contribute to the driving of the transition from the AFM to the spin-gapped state, the occurrence of
the spin-paired sites on the same chain ensures that the dominant spin excitations are also 1D. The overall physical
behavior should therefore resemble that that of the standard SP systems. The intensity of the neutron scattering from
(TMTTF)2PF6, compared to that in (BCPTTF)2PF6 is, however, very weak, indicating small amplitude of the SP stack
distortion [178]. This may indeed be a consequence of 2D interactions, although other possibilities exist, as discussed
below.
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(a) (b) (c)
Figure 16. (color online) Mid-infrared conductivity of (a) (TMTTF)2AsF6 and (b) (TMTTF)2PF6 for light polarized parallel to the molecular
stacks. The arrows indicate the positions of the anti-resonance dips. TSP = 19 K for PF6 and 13 K for AsF6. (c) Raman spectra of (TMTTF)2AsF6
as a function of temperature. The ν3(ag) mode splits below TCO = 102 K. Reprinted with permission from Ref. [94] under CC BY.
The patterns of the CO in the SP phases X = PF6 and AsF6 have been the most contentious [102, 129]. The high
temperature broken symmetry is certainly the FCO state [164, 172]. As with X = SbF6 there is disagreement over
the amplitude of the CO. ∆n, as obtained from T1 studies in 13C NMR (0.30 - 0.50 in X = AsF6 [157, 167] and 0.28
in PF6 [158]) are considerably larger than those obtained from infrared spectroscopy, 0.20 - 0.25 and 0.10 - 0.15,
respectively [94]. Even smaller ∆n in X = AsF6 (∼ 0.11 - 0.16) has been claimed from measurements of Knight shift
and chemical shift [156]. A straightforward extrapolation, based on the FCO above TSP predicts the SP state to also
have the · · · 1010 · · · pattern [102]. This might even explain the weak amplitude of the SP bond distortion [178]: the
extent of the SP bond distortion is indeed smaller in the 4kF CDW-SP state than in the BCDW-I for the same SSH e-p
coupling (and ∆n is larger) [83].
There are, however, strong reasons to believe that the SP state is BCDW-I, even with the FCO as the high tem-
perature state. First, as pointed out in the above, the charge localization below Tρ can result from a crossover into a
(disordered) 4kF BOW, in which case it is likely that the SP transition is a dimerization of the dimerization. This
could be particularly likely given that the FCO transition is driven by interaction with anions, while the bond-
dimerization as well as the SP transition are both intrinsic instabilities of the quasi-1D chains. As shown in 3.3.2,
a temperature-dependent transition from the WC to the BCDW-I is expected for e-e interactions with intermediate
strength (6 ≤ U ≤ 10, 2 ≤ V ≤ 3). Such a transition would explain the experimentally noted competition between
FCO and SP [167, 179].
Theoretical work in this case predicts charge distribution leading to much smaller ∆n in the SP state than in the
FCO state [83, 129]. Charge redistribution with observable decrease in ∆n upon entering the SP state has been claimed
in both X = AsF6 [157] and PF6 [158] from 13C NMR studies. Optical spectroscopy in this context appear to give
ambiguous results. Optical conductivity obtained from reflection studies, in the spectral region of the EMV coupled
ν3 mode, shows no charge redistribution (see Fig. 16(a) and (b)). Raman measurement of the same mode shows a
splitting of the vibrational frequency below TCO but apparent vanishing of the splitting below TSP (see Fig. 16(c)). We
note however that later Raman data continues to show a splitting of the ν3(ag) mode at 10 K, although unexplained
differences were noted with the data of Reference [94] in the low temperature region [180]. Recall also the pressure
dependent measurement in X = SbF6 (see above), which finds that the CO amplitude decreases strongly and is nearly
unobservable in the pressure region where the SP phase appears [159, 165], again indicating charge redistribution
in the SP state. Thermal expansivity measurements have found, in addition to the FCO and SP transitions, a third
likely transition at temperature Tint intermediate between TCO and TSP. A possible intermediate transition is seen
also in dielectric permittivity study of X = PF6. No explanation exists in the literature currently of this intermediate
temperature transition. It is conceivable that the transition at Tint is the WC-to-BCDW transition discussed in Section
3.3.2 (theory does not require the transition to occur at TSP but merely requires the charge occupancies in the SP
and FCO phases to be different) and this possibility merits further experimental investigation. Finally, there exists a
whole slew of systems that exhibit the SP transition within the insulating phase below Tρ without going through the
intermediate FCO state. These materials are discussed below.
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4.2. (TMTTF)2Br and (TMTSF)2PF6, the AFM-II region
4.2.1. (TMTTF)2Br
(TMTTF)2Br lies very close to the boundary between the SP and AFM-II phases in the phase diagram of Fig 15.
Tρ in this case is lower than in the other TMTTF salts (∼ 100 K), although some samples exhibit Tρ as high as 200
K [181]. The antiferromagnetism has been determined to be commensurate under ambient pressure from both 13C
NMR [182] and 1H NMR [168] studies, with qAFM = ( 12 ,
1
4 , 0), and the low T AFM amplitude of 0.14 µB. Coupling
of the spin fluctuations with the lattice and charge degrees of freedom was first found from diffuse X-ray scattering
[169], which indicated the signature of a 2kF quasi-1D lattice instability below 70 K. This behavior is similar to the SP
materials, which also show 1D SP fluctuations at a temperature considerably higher than the the 3D TSP. In contrast
to the SP systems, the 2kF scattering here vanished abruptly at 17 K and long range SP order is not observed. This,
however, does not imply complete loss of structural distortion. Instead of 2kF scatterings, 4kF scatterings are observed
below TN [169, 183].
Tendency to coupled bond-charge-spin instability (BCSDW) in the paramagnetic phase above TN, beginning from
∼ 50 K, has been confirmed from a number of other experimental studies [181, 184, 185]. Nad et al. concluded from
dielectric permittivity studies that the growth of ′ in the paramagnetic phase is due to fluctuations of a 2kF displacive
lattice instability of “SP type”. These fluctuations seem to persist below TN but vanish at ∼ 10 K. Suppression of 2kF
fluctuations, as observed in the X-ray measurements, and decrease of ′ begin at the same temperature range above
TN. Relaxation via acoustic phonons and 1D lattice fluctuations were also seen in ESR studies in the temperature
range between approximately TN and 50 K [184, 185].
The above studies confirm the short-range BCSDW nature of the broken symmetry in (TMTTF)2Br in the TN <
T < 50 K region. While this apparent agreement with theory might appear to be satisfying, the vanishing of the 2kF
instability at TN is not predicted within the existing theories [143, 149]. The solution to this puzzle may however be
straightforward, given that the 2kF charge fluctuations can exist only in the presence of the 2kF BOW [149]. As the
temperature is lowered and the 2D hoppings between chains become more relevant, it is very likely that the 2kF BOW
gets weaker. While this has not been proved in the specific case of ρ = 12 , the weakening of the 2kF BOW in correlated
2D structures is not unanticipated [142]. We speculate that the 4kF bond dimerization, with zero phase difference
between chains, continues to persist within the EHM of Eq. 5 even when weak interchain hoppings are included. This
will be in agreement with the X-ray scattering data [169] and will also give the observed qAFM, with equal charge
densities on each site. This is a topic of future research.
4.2.2. (TMTSF)2PF6
The compound (TMTSF)2PF6 has been scrutinized perhaps the most as this was chronologically the first organic
superconductor [18, 186]. An incommensurate SDW appears here at 12.5 K under ambient pressure, with the SDW
moment of 0.03 - 0.08 µB/molecule [182, 187]. The SDW wavevector, though incommensurate, is close to commen-
surability with qSDW=(0.50, 0.20 ± 0.05, 0.06 ± 0.20). The incommensurate SDW has often been thought to result
from nesting of the Fermi surface [22], as in the Peierls CDW mechanism, especially in the context of the magnetic
field induced SDW [25]. Of greater relevance to the present review are however indications for the coupling be-
tween the lattice, charge and spin degrees of freedom that is not expected within a simple nesting mechanism for the
SDW instability, but that were indicated over the years by a variety of experiments [188–192]. Convincing proof of
this coupling was obtained from direct X-ray measurements by Pouget and Ravy [169, 183] and Kagoshima et al.
[193, 194], which we briefly discuss below. Yet another subject of interest is the nature of the very low temperature
phase below 4 K [187, 193–198], which has only recently shown from 13C-NMR to be commensurate SDW [199].
The pressure-induced transition to SC is therefore a commensurate BCSDW-SC transition, making it even more likely
that the mechanisms of the superconducting transition in the so-called quasi-1D compounds and the strongly 2D ET
and [Pd(dmit)2]2 compounds (see Section 5) are related. X-ray scattering experiments have directly demonstrated the
mixed CDW-SDW nature of the broken symmetry below TSDW in (TMTSF)2PF6 [169, 183, 193, 194]. Pouget and
Ravy observed satellites with wave vector components a∗/2 (2kF) as well as a∗ (4kF), thus confirming that the CDW
and SDW periodicities were identical. The identical periodicity excludes a simple classical explanation of the mixed
CDW-SDW as a 4kF CO accompanied by 2kF SDW, which merely requires the · · · 1010 · · · charge periodicity driven
by the intersite Coulomb interaction. The common 2kF periodicity requires that the mixed CDW-SDW is the BCSDW
of Section 3.2.2. Note that this precludes a simple nesting mechanism for the instability, since strong e-e interactions
is a necessary requirement for the BCSDW.
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The lowest temperature at which Pouget and Ravy saw the 2kF and 4kF scatterings was 10.7 K. The intensities of
the satellite reflections were weaker than the usual 2kF and 4kF reflections by 2 to 3 orders of magnitude. Kagoshima
et al. observed that below 4 K, there was remarkable decrease in the intensities with decreasing temperature, and
the satellites were completely absent at 1.6 K [193, 194]. Kagoshima et al’s experiment gave strong evidence for the
existence of a SDW subphase below 4 K that was presumably different from the high temperature phase, as had been
conjectured already from other experiments [187, 195–198]. While the recent demonstration of the commensurate
character of the low T SDW [199] has solved the mystery of the nature of the SDW subphase, it is has introduced two
new questions, which are (i) What is the mechanism of the T-dependent incommensurate-commensurate transition?
(ii) What does this imply for the SDW-SC transition?
We believe that the answer to the first question involves again interchain interaction. As in (TMTTF)2Br, the
vanishing of the mixed CDW-SDW below 4 K is related to increased two dimensionality, which destroys the 2kF
BOW. Unlike (TMTTF)2Br, the BCSDW survives here below TSDW because of the larger bandwidth of (TMTSF)2PF6,
which makes U/|t| and V/|t| smaller. Below 4 K, the SDW then has the structure ↑, ↑, ↓, ↓. As already mentioned above,
this reasoning, while highly plausible, needs confirmation from future theoretical work.
The commensurate nature of the ground state of (TMTSF)2PF6 strongly suggests that the mechanisms of the
superconducting transition here and in κ-(ET)2Cu[N(CN)2]Cl are related. We speculate that the effect of pressure on
(TMTSF)2PF6 is to create interchain spin singlets. Interchain singlets are discussed in Section 6.2.1 in the context of
CTS ladder materials.
4.3. Non-traditional 2:1 cationic salts
4.3.1. (TMTTF)2I
We classify (TMTTF)2I among the nontraditional materials, in spite of having the same cation as the systems
discussed above, as it exhibits the SP state without going through the FCO phase. The crystal structure of this material
is similar to the other Fabre salts [200]. 13C-NMR measurements indicate completely equivalent TMTTF molecules
throughout the paramamgnetic phase [151]. Transition to the SP state at TSP = 21 K was detected from both T-
dependent ESR susceptibility and 13C-NMR measurements [151]. Line broadening at TSP, as found in (TMTTF)2PF6,
and ascribed to charge redistribution [158] was absent in this case. The temperature at which charge localization
occurs here is not known. Presumably this is greater than 300 K. In spite of the larger chemical pressure due to
the smaller bromide counterion, (TMTTF)2Br is antiferromagnetic and lies to the right of (TMTTF)2I on the higher
pressure side of the phase diagram in Fig. 15. This is a clear indication both of two different kinds of AFM states and
of (TMTTF)2Br belonging to the AFM-II region.
4.3.2. (BCPTTF)2X
These materials exhibit semiconducting charge-gap already at room temperature, and undergo SP transitions at
TSP = 36 K (X = PF6) and 32.5 K (A = AsF6) [152, 153]. The molecule BCPTTF is asymmetric, but the crystal
structures of (BCPTTF)2X are close to that of (TMTTF)2X. The calculated intrachain NN hopping integrals are
smaller than those calculated for TMTTF, using the same computational technique [152]. The FCO is nevertheless
absent in (BCPTTF)2X, while the effective dimerization is larger [152]. The larger effective dimerization explains
both larger Tρ and TSP. Clearly the charge localization, the transition to the FCO phase (or its absence, as in the
present case) and the nature of the low temperature state (AFM versus SP) are all strongly linked and they cannot be
discussed in isolation.
4.3.3. (o-DMTTF)2X
The DMTTF molecule is a hybrid of TTF and TMTTF, with two methyl groups attached to one side of the TTF
moiety. The crystal structure of (o-DMTTF)2Cl is shown in Fig. 17(a). The space group symmetry is I4¯2d, and it
is generally believed that the central locations of the halogen atoms give the uniform stacking and weak coupling
between the chains.
The T vs P phase diagram for X = Cl and Br is shown in Fig. 17(b), where the Br-compound is shifted in pressure
by 0.35 GPa. At the low pressure end, the system is a highly anisotropic 1D metal, as deduced from longitudinal and
transverse resistivity. It is believed that a smooth charge localization at Tρ here is associated with 4kF fluctuations
driven by e-e interactions [154]. Pretransitional diffuse 4kF lines are seen below Tρ in X-ray measurements. Additional
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(a)
(b)
Figure 17. (color online) (a) Crystal structure and (b) phase diagram of (o-DMTTF)2X. Blue (green) symbols are data for X=Cl (Br). The data for
the Br salt is shifted by 0.35 GPa. Circles (stars) are determined from the longitudinal (transverse) resistivity. A ambient (zero) pressure, diamonds,
triangles, and squares are from thermopower, ESR, and X-ray measurements, respectively. Reprinted with permission from Ref. [154], c© 2011
The American Physical Society.
increase in resistivity is observed as the temperature is lowered to below Tu. This transition is considered to be
the usual 4kF transition, although no significant structural modulation has been observed in X-ray diffuse scattering
measurements. Absence of any change in the T-dependent magnetic susceptibility at Tρ or Tu indicates charge-spin
decoupling. It has been argued that the transition at Tu is a combination of 4kF FCO and BOW, with the FCO and the
BOW on separate stacks, or perhaps a combined FCO-BOW on the same stack. Vibrational spectroscopy, however,
has failed to detect CO [201], indicating either pure BOW nature of the 4kF phase, or at the very least, small amplitude
of the FCO.
The phase transition at the lowest temperature Tc ' 50 K occurs in both X = Cl and Br and is easily observed in
magnetic susceptibility measurements and diffuse X-ray scattering. Magnetic measurements indicate the state below
to be nonmagnetic, while X-ray measurements find tetramerization of the stacks. Both of these suggest that the state
below Tc is the SP phase expected within the 4kF BOW (2kF BCDW-I). While this would agree qualitatively with the
theory presented in Sections 2.2 and 2.3, this interpretation may be overly simplistic from a quantitative perspective.
The difference between the charge- and spin-gap in (o-DMTTF)2X are much smaller than what is seen in either
MEM(TCNQ)2 or the Fabre salts, as evidenced from the relatively small difference between Tu and Tc in Fig. 17(b)
(particularly in the Br). The most likely reason for the relatively strong coupling between charge- and spin-degrees
of freedom in (o-DMTTF)2X are that U/|t| and V/|t| here are smaller than in (TMTTF)2X. The actual charge and
bond distortion patterns in the spin-gapped state are currently unknown. We believe that the charge pattern here will
be found to be · · · 0110 · · · , but the bond distortion pattern may be complicated and a superposition of SMWM and
SWSW′.
The high pressure region in Fig. 17(b) is very different from the phase diagram of Fig. 6, in that the low temperature
phase in this region is not AFM or SDW. Furthermore, the temperatures Tu and Tc have merged here. T∗ here is
obtained from the maxima in plots of transverse resistivity against temperature. Whether or not the state below T∗
is a true metal is arguable (“bad metal” could be one classification). Neither is it clear whether or not there is true
boundary or a crossover from the spin-gapped phase to this state. X-ray diffraction and magnetic measurements have
not been performed under pressure. The low T phase in this high pressure region has been thought to be the “usual
Peierls phase”. We believe that future experiments will find this state to be the · · · 0110 · · · BCDW.
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(a)
(b)
Figure 18. (color online) (a) structure of δ-(EDT-TTF-CONMe2)2X. Reprinted with permission from Ref. [202], c© 2009 The Royal Society of
Chemistry. (b) phase diagram determined from resistivity and 1H NMR measurements. Reprinted with permission from Ref. [155], c© 2009 The
American Physical Society.
4.3.4. δ-(EDT-TTF-CONMe2)2X
This material is of interest for being perhaps the only one where the MI transition at ambient pressure is due
to transition to the purely CO state. The crystal structure of the cation is shown in Fig. 18(a). The compounds are
hereafter referred to as EDT2X (X = AsF6, Br). The T vs P phase diagram, determined from transport and NMR
studies [155] is shown in Fig. 18(b). As seen in the Fig. 18, substitution of AsF6 with Br is equivalent to applying
hydrostatic pressure of nearly 0.7 GPa. There is no crystal-structure driven dimerization here and TMI = TCO in the low
pressure region. Furthermore, TCO are extraordinarily high here (compare against Fig. 6). The high TCO suggests the
WC as the charge-ordered phases. This is supported by structural analysis in the insulating phase that finds uniform
intrastack intermolecular distances [202]. The stability of the WC here is a signature of very large V/|t|, with likely
V > Vc(U), as opposed to (TMTTF)2X, where additional contribution to the stabilization of the WC CO must come
from cation-anion interaction or the Holstein e-mv interaction. This latter conclusion is in agreement with calculations
that find rather small hopping integrals t|| = 71 meV, t⊥ = −25 meV for EDT2AsF6 at 300 K [203] and t|| = 87 meV,
t⊥ = −32 meV for EDT2Br at 150 K [202] (the calculated hopping integrals suggest greater two dimensionality, which
reduces Vc and hence may also be responsible for stabilizing the WC [204].)
The phase diagram of Fig. 18 exhibits several interesting features, which are, (i) the occurrence of CO and AFM
in the same pressure region, (ii) the steep pressure-dependence of TCO, (iii) an apparent boundary between 1D and 2D
conducting regions, and (iv) the low T high P insulating region that is distinct from the AFM phase, and that may be
separated from the AFM phase by a real phase boundary. Of these, (i) is to be expected from our discussions in Section
2.2 and 4, identifying the CO phase at low pressure as the WC and the AFM phase at low T as AFM-I. The rapid drop
in TCO with pressure is unique with these compounds, suggesting a stronger role of frustration than usual. Whether or
not the curve labeled T∗ in the Fig. represents a true boundary or even crossover is debatable: T∗ are temperatures at
which broad maxima are seen in plots of transverse resistivity. The boundary between the high pressure conducting
and insulating phases, on the other hand, represents the true TMI as found from measurements of longitudinal and
transverse resistivities. The insulating phase has been found to be nonmagnetic from NMR measurements [155].
The absence of a SP phase within the CO phase, while it has received relatively less attention so far, is of strong
interest in view of the theoretical discussions of Sections 3.2 and 3.3. This result is in apparent agreement with the
theoretical idea that the WC CO and the SP phase are mutually exclusive in the real materials (Section 3.3.2). The
high pressure nonmagnetic insulating phase has not been completely characterized yet. We believe that this phase is
a 2kF BCDW, as in the high pressure region of o-(DMTTF)2X.
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Figure 19. (color online) Crystal structures of EDO-TTF in the low temperature insulating and high-temperature metallic phases. Reprinted with
permission from Ref. [206], c© 2005 AAAS.
4.3.5. (EDO-TTF)2X and BCDW-II
The crystal structure of EDO-TTF is shown in Fig. 19(a). (EDO-TTF)2X are strongly 1D with weak interstack
interaction. These compounds undergo first-order metal-insulator transitions at a very high TMI = 280 K and 265 K for
X = PF6 and AsF6, respectively [150, 205]. Magnetic susceptibility measurements indicate transition to a spin-gapped
nonmagnetic state at the same temperature TMI, a behavior completely different from that observed in any other 2:1
cationic material at ambient pressure (we note, however, that the high pressure phases in o-(DMTTF)2X and (EDT-
TTF-CONMe2)2X do show single transitions involving both charge and spin). The transition to the nonmagnetic
insulating state is accompanied by period 4 distortions of both the intermolecular bonds and of the cationic molecules
themselves, as is shown in the Fig. 19.
The molecules are equivalent and weakly non-planar above TMI, where the charges on the cations are 0.5. For
T < TMI there occurs tetramerized molecular distortions BFFB (B = bent and F = flat), where the bent molecules
are nearly completely neutral (charge ∼ 0), and the flat molecules are nearly completely ionic (charge ∼ +1.0). These
assignments are obtained from vibrational spectroscopy [207], which gives charges of +0.96 and +0.04 for the charge-
rich and charge-poor cations, and crystal structure analysis [208], which gives a smaller charge disproportionation
with charges of +0.8 and +0.2, respectively. Strong role of the Holstein e-mv coupling in driving the transition is
indicated by these experiments. These studies have also established that the intermolecular bond strengths are of the
form SMWM, with the strongest ‘S’ bond between the charge-rich sites [207]. Thus the SSH e-p coupling also plays
a strong role.
Drozdova et al. [207] recognized that (EDO-TTF)2X can be very clearly understood as a prototype example of
2kF BCDW-II, with small to moderate U and V (see Sections 3.2.1 and 3.3.2). These authors measured the charge-
transfer absorption spectrum of the compound as a function of temperature, and noted that the strength of the high
energy absorption band (labeled CT2 by the authors) with peak energy at ∼ 1.38 eV, relative to the lower energy band
with peak energy ∼ 0.52 eV, was significantly higher than in most other CTS. The authors calculated the charge-
transfer spectrum within a modified Hubbard model with modulated hopping integrals and site energies for a tetramer
consisting of only four molecules (with charge arrangement 0110), and justified this boundary condition based on the
weakness of the 0 · · · 0 bonds, which would make each tetramer nearly decoupled from the chain. In order to obtain
the CT1 and CT2 energies and the site charge densities of 0.96 and 0.04 obtained from the Raman spectrum the authors
needed hopping integrals 0.15 and 0.28 eV (corresponding to the 0–1 and 1–1 bonds, respectively), site energies ±
0.24 eV and U = 0.93 eV. Although the 0 · · · 0 bond was excluded entirely from the calculations, and the site energies
should have been in principle obtained self-consistently, the values of the Hubbard U and the hopping integrals
required in this calculation were quite reasonable. The authors assigned the CT1 and CT2 transitions to predominantly
0110 → 0101 and 0110 → 0200 charge-transfers respectively, and ascribed the unusually large intensity of CT2
(compared to the charge-transfer absorptions in this region in the “standard” 2:1 materials) to the strength of the
“isolated” 1=1 bond.
A more recent Density Functional Theory (DFT)-based modeling of (EDO-TTF)2X treats e-e interactions at the
mean-field level, and ascribes the tetramerization at the MI transition to an “electric potential bias within a tetramer
of EDO-TTF molecules” as opposed to SSH and Holstein e-p interactions [209]. This latter work is more difficult
to understand; also, as already pointed out, if the charge distribution of · · · 0110 · · · has to originate entirely from
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built in electric potential, the latter has to be non-convex, which is unrealistic. The authors obtained a one-electron
tight-binding Hamiltonian with modulated hopping integrals and site energies from fitting to the DFT calculations.
The largest tight binding integral from the fitting was 0.70 eV, which is unusually large for CTS, in which the hopping
integrals range from 0.10 - 0.25 eV. This discrepancy is likely due to the neglect of e-e and e-p interactions.
(EDO-TTF)2X has also attracted recent attention as a material in which a photoinduced transition occurs from the
insulating state to a metallic state that is very close to the high temperature state [206]. The transition to the metallic
state takes nearly 100 picoseconds and has been thought to proceed via a metastable charge-ordered state · · · 1010 · · ·
[210, 211], with coherent phonon interactions playing a strong role. A DFT-based theory has attempted to explain why
excitation at the CT2 transition energy is more efficient in driving the transition than the excitation at other energies
[212]. Photoinduced phase transitions are a subject of considerably broader interest [213], but are outside the scope
of this review.
4.4. Summary
Wigner crystal (WC) and bond-charge density waves (BCDWs) of two different types (BCDW-I and BCDW-II)
are all observed experimentally in quasi-one-dimensional ρ = 12 CTS. The WC state in general is found in the most
quasi-one dimensional of these materials, which then exhibit an antiferromagnetic phase at still lower temperatures.
In the (TMTCF)2X series, the spin-Peierls (SP) phase is BCDW-I and the low temperature phase adjacent to super-
conductivity (SC) is BCDW-I or the bond-charge-spin density wave (BCSDW). The WC and SP phases are mutually
exclusive. In (TMTTF)2PF6 and AsF6 there occurs a WC-to-BCDW-I transition as the temperature is lowered. Spin
gap is thus a signature of BCDW-I or II. The spin-density wave state found in (TMTSF)2PF6 under ambient pressure is
commensurate at the lowest temperatures, and the transition to SC is a commensurate BCSDW to SC transition. The
properties of materials exhibiting the alternate bond-distortion pattern BCDW-II are quite different; in (EDO-TTF)2X
the transition to BCDW-II coincides with a first-order metal-insulator transition at a relatively high temperature.
5. Broken symmetries in quasi-two dimensional CTS, Experiments
The 2D CTS feature a much greater variety of materials than the quasi-1D CTS. We will therefore first review
experimental results, and follow with a summary of theory in Section 6. Due to the expansive experimental literature,
we must focus on a narrower range of materials rather than all 2D molecular charge-transfer salts. Specifically, we
review the classes of 2D materials that are superconductors or exhibit charge and spin ordered states proximate to
superconductivity. Some topics of current interest, for example the very large literature on magnetic field effects, are
outside the scope of this review.
5.1. Quasi-two dimensional cationic CTS
Details of the crystal structure of 2D CTS strongly influence their electronic properties. Different CTS structural
types are denoted by a Greek letter prefix (α, β, θ, etc). Below we organize the discussion according to these different
crystal structures.
5.1.1. κ CTS
The κ-(ET)2X salts are perhaps the most studied family of organic superconductors after the quasi-1D TMTSF and
TMTTF materials. The great interest in κ-(ET)2 stems from both their relatively high Tc’s of up to 12.8 K (see Table
3; a Tc of 14.2 K is however found in the β′ CTS [214], see Section 5.1.2), as well as their apparent similarity to the
cuprate high-Tc materials. As in the cuprates, the presence of AFM near to the SC phase has led to widespread belief
that Mott physics is central to understanding the SC [215]. This belief has led many to suggest that the electronic
properties and SC in κ-(ET)2 can be described by an effectively 12 -filled band model. In this section we point out
however, that many experimental observations cannot be explained within such a model.
The schematic crystal structure of the conducting layers in κ-(ET)2X is shown in Fig. 20(a). In the κ structure,
dimers of BEDT-TTF molecules are arranged in an anisotropic triangular lattice. In terms of single molecules, as with
other ET salts, the conducting layer is 34 -filled with electrons. Fig. 20(b) shows the effective dimer model commonly
used to describe κ-(ET)2X; here each dimer is replaced by a single site, leading to an effective 12 -filled band model,
with an average density of one hole per dimer. We discuss this model further in Section 6, but introduce it here, as the
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Figure 20. (color online) (a) Lattice structure of κ-(ET)2X showing individual BEDT-TTF molecules. In order of decreasing magnitude, b1, b2,
p, and q label the intermolecular hopping integrals. The a and c crystal axes for κ-(ET)2Cu[N(CN)2]X are indicated; for κ-(ET)2Cu2(CN)3 the
corresponding axes are conventionally labeled b and c. (b) effective 12 -filled dimer model. Here each site corresponds to a dimer in (a). t is the
effective hopping in the xˆ and yˆ directions and t′ the effective hopping in the −xˆ + yˆ direction.
X t′/t(EH) t′/t(DFT) Tc(K) Pc(GPa) Notes references
I3 0.54 0.35 3.6 0 — [218–220]
Cu[N(CN)2]Cl 0.71 0.44-0.53 12.8 0.03 TN=26K [216, 221, 222]
d8-Cu[N(CN)2]Br 0.67 0.45-0.53 11 0 TN=15K [221–223]
Cu[N(CN)2]Br 0.67 0.46 11.6 0 — [21, 218, 220]
Cu[N(CN)2]I — — 8.0 0.1 — [224, 225]
Ag(CN)2·H2O 0.61 0.47 5.0 0 — [218, 220, 226]
Cu(NCS)2 0.81 0.50-0.67 10.4 0 — [216, 217, 221, 222, 227]
Cu(CN)[N(CN)2] 0.64 0.67 11.2 0 — [218, 220, 228]
Hg(SCN)2Cl — 0.80 — — TCO=30K [229–231]
Ag2(CN)3 0.97 — 5.2 0.9 — [232]
Cu2(CN)3 1.07 0.80-0.99 3.9(7) 0.6 — [216, 217, 221, 222, 233]
CF3SO3 1.79 1.30 4.8 1.1 TN = 2.5K [234, 235]
B(CN)4 — 1.80 — — TS G=5K [222]
Table 3. Summary of the properties of κ-(ET)2X for different X discussed in this review. The second and third columns are the calculated t′/t
using extended Hu¨ckel (EH) and density-functional theory (DFT) methods, respectively. In general, values calculated for low temperature (100
K) crystal structures are listed; the range of values listed are accounted for by slightly different temperatures and theoretical methods of fitting the
calculated bandstructure. For X=Cu2(CN)3, a higher Tc (7 K) has been found under conditions of uniaxial strain [233]. t′/t within the EH method
for X=Cu[N(CN)2]I is slightly smaller than for X=Cu[N(CN)2]Br [227].
anisotropy t′/t is commonly used as a parameter to characterize κ-(ET)2X. Table 3 lists the most commonly studied
κ-(ET)2X, sorted by their effective t′/t as calculated by DFT [216, 217]. A recent DFT calculation of the hopping
parameters for eight different κ-(ET)2X found no apparent correlation between Tc and any of the four ti j, or any of
their ratios [218]. For example, X=Ag(CN)2·H2O and X=Cu[N(CN)2]Br in Table 3 have nearly the same t′/t, but
have Tc’s differing by more than a factor of two.
AFM versus SC in κ phase salts. The occurrence of AFM and the proposal that it can mediate SC has played a
central role in the study of κ-(ET)2X. The occurrence of AFM order can be simply understood within the 12 -filled
effective model of Fig. 20(b). For sufficiently large dimer U and sufficiently small frustration (t′) between dimers, the
ground state of the 12 -filled Hubbard model on the anisotropic triangular lattice is Q=(pi,pi) Nee´l AFM (see Section
6.1). This Nee´l arrangement of dimer spins has been confirmed experimentally [223, 236]. AFM with other ordering
wavevectors are found theoretically in the 12 -filled band Hubbard model on the anisotropic triangular lattice for larger
t′ (for example the 120◦ state found on the isotropic triangular lattice [237–241]). While materials in this region of
the parameter space are known (X=CF3SO3) there is no information as of writing on the ordering wavevector here.
Despite the emphasis on AFM, experimentally antiferromagnetic ground state is only found for a few κ phase
materials, X=Cu[N(CN)2]Cl (κ-Cl), X=Cu[N(CN)2]Br (κ-Br) with deuterated BEDT-TTF molecules (d8-κ-Br) and
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Figure 21. Pressure dependence of (a) intralayer (ρ‖) and (b) interlayer (ρ⊥) resistivity of κ-(ET)2Cu[N(CN)2]Cl. (c) Phase diagram determined
via resistivity. N1. . .N4 refer to nonmetallic phases, separated by anomalies in ρ‖ and ρ⊥; M is the metallic phase; I-SC-II is incomplete supercon-
ductivity with no decrease in ρ⊥; I-SC-I incomplete superconductivity with decreases in both ρ‖ and ρ⊥; C-SC complete superconductivity; RN
recurrent nonmetallic phase. Reprinted with permission from Ref. [242], c© 1996 The Physical Society of Japan.
X=CF3SO3. The most well known is X=κ-Cl with TN=26 K [236, 243, 244]. The AFM state is commensurate
with the lattice, with a relatively large moment of 0.4-1.0 µB per dimer [236]. Under a small pressure (even that
provided by a grease coating) of 0.03 GPa κ-Cl is superconducting at 12.5 K [244, 245]. At ambient pressure, the
resistivity of κ-Cl gradually increases below 300 K, with a sharper increase below around 40 K [242, 244, 246].
The temperature and pressure dependence of the resistivity κ-Cl, shown in Fig. 21, is complex [242, 247]. A low
pressures, an “incomplete” SC is seen below ∼13 K, where the in-plane resistivity (ρ‖) decreases but does not reach
zero, and the inter-plane resistivity (ρ⊥) remains high [242]. The decrease in ρ‖ at low temperatures is suppressed by
a magnetic field exceeding 5 T [242]. A second incomplete SC region at higher pressure has a decrease in both ρ‖
and ρ⊥. These incomplete SC phases were interpreted as Cooper pair localization [242]. Several insulating phases
(see Fig. 21) were identified as paramagnetic (N1), fluctuating AFM (N2), AFM order (N3), and AFM with weak
ferromagnetic canting (N4). A reentrant insulating phase (RN in Fig. 21) was also identified at low temperatures
under pressure, which exhibited hysteresis under thermal cycling [242, 247]. The P-T phase diagram of κ-Cl has
been confirmed with other experimental probes, for example using 1H NMR and AC susceptibility measurements as
shown in Fig. 22(a) [248]. These results confirmed that a first order transition occurs between the insulating AFM
state and the metallic or superconducting states [248]. An S-shaped first order transition line separates the insulating
semiconducting (and AFM) states on at low pressure from the metallic (and superconducting) states at high pressure
(see Fig. 22). This line ends in at a critical point at approximately Tc ∼ 40 K. At low temperature near the transition
line, AFM and SC are found to coexist (see further discussion below), giving way to pure SC under increasing pressure
[248]. X=Cu[N(CN)2]I (κ-I) has a pressure-temperature phase diagram similar to κ-Cl but shifted slightly towards
the insulating phase [225, 249, 250]. Fewer experimental results are available for this salt due to sample preparation
difficulties. At ambient pressure κ-I is insulating at low temperature; however, to our knowledge AFM order has not
yet been confirmed in this salt.
The isostructural κ-Br is superconducting at ambient pressure with Tc=11.6 K with no AFM phase [21], and this
salt is therefore placed in the U-SC region in Fig. 22(a). It is believed that the larger Br ion, relative to Cl, induces
“chemical pressure” on the BEDT-TTF layer. X=d8-κ-Br is located in the same phase diagram at lower pressure than
κ-Br and has phase segregated regions of AFM and SC at low temperature [223, 251]. d8-κ-Br has a somewhat lower
TN=15 K than κ-Cl and Tc=11.5 K [223, 251]. Below about 20K, the d8-κ-Br NMR spectra splits into two components
demonstrating the phase segregation between AFM and metallic/SC phases [223]. This indicates that d8-κ-Br should
be placed at roughly P∼250 bar in Fig. 22(a), nearly exactly in between the AFM and SC phases. Partially deuterated
[252, 253] and mixed samples of the form κ-[(h-BEDT-TTF)1−x(d-BEDT-TTF)x]Cu[N(CN)2]Br [254, 255] have also
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Figure 22. (a) Temperature-pressure phase diagram of κ-(ET)2Cu[N(CN)2]Cl determined by 1H NMR and AC susceptibility measurements.
Reprinted with permission from Ref. [248], c© 2000 The American Physical Society. AF, PI, and M are antiferromagnetic, paramagnetic insulating,
and metallic phases, respectively. Phase segregation between AF and SC takes place in the AF-SC region, while U-SC denotes a uniform SC state.
(b) Phase diagram for κ-(ET)2Cu2(CN)3. Reprinted with permission from Ref. [256], c© 2005 The American Physical Society
.
been studied, which show a range of superconducting Tc’s.
An important consideration for interpreting experimental data on κ-(ET)2X is the presence of phase segregation
below 35-40 K between the AFM and metallic or superconducting phases [223]. This suggests that AFM and SC
are competing phases. Phase segregation is indicated for example by the cooling rate dependence of Tc in κ-Cl
and deuterated κ-Br [257]. NMR results [223] do not distinguish between phase segregation on a macroscopic or
nanometer length scale. While nanometer-scale phase segregation cannot be fully ruled out, real space optical imaging
on κ-[(h-BEDT-TTF)1−x(d-BEDT-TTF)x]Cu[N(CN)2]Br found macroscopic (micron size) AFM and metallic domains
[255, 258]. Non-deuterated κ-Br is further from the AFM phase, but the presence of stretched exponential spin-
relaxation below T≈ 25 K also suggests some degree of phase segregation [259]. In comparison, the ambient pressure
superconductor κ-(ET)2Cu(NCS)2 shows a single exponential decay of spin-relaxation, suggesting phase segregation
is not present [259].
Spin liquid phase. κ-(ET)2Cu2(CN)3 (κ-CN) is considered as one of the best candidates for a quantum spin liquid
(QSL) [215, 260]. As shown in Fig. 22(b), in the phase diagram for κ-CN, the candidate QSL state is adjacent to SC
[256]. The 1H NMR signal remarkably does not change down to 32 mK (except for a small broadening below about
4 K [261]), which is an energy scale several orders of magnitude smaller than the estimated inter-dimer exchange
coupling, J ∼ 250 K [262]. κ-CN is however a superconductor under pressure with Tc=3.9 K [263, 264]. A higher
Tc ∼7 K has been found under conditions of uniaxial strain [233]. As in other κ-phase salts, the magnetic susceptibility
begins to decrease at about 50 K, although the material remains paramagnetic at low temperature [262, 264]. The
disadvantage of 1H NMR studies is however the small hyperfine coupling between protons at the ends of the BEDT-
TTF molecules and conduction electrons. 13C NMR is much more sensitive because the central C atoms of the ET
molecule are much more strongly coupled to conduction electrons [265]. In κ-CN, the 13C NMR signal begins to
broaden below around 70 K, suggesting the development of inhomogeneity [266, 267]. This broadening however
disappears under pressure [268]. The Knight shift, which measures the intrinsic spin susceptibility without impurities,
decreases slowly below 50 K and then sharply below 10 K [266]. As in other κ salts the NMR relaxation rate 1/(T1T)
increases as temperature decreases, but turns around and decreases below 10 K [266].
Many experiments have noted a transition or crossover at around 6 K, as well as a second change at lower temper-
ature (∼ 1 K). At 6 K, the 13C 1/T1 changes from being proportional to T 12 to being temperature-independent [267].
Below about 1 K the temperature dependence of 1/T1 changes again, becoming proportional to T
3
2 [267]. µSR in zero
or weak magnetic fields confirms these three distinct temperature regions in κ-CN [269–271]. Importantly, a widened
distribution of internal fields was not observed at zero field, meaning that the broadening and inhomogeneity observed
by 13C NMR are caused by the magnetic field. The effect of the field at low temperature is to create a “weak-moment
antiferromagnet” state, which phase separates with the zero field state [270, 271]. At the 6 K transition the formation
of bosonic pairs was suggested, with a second transition to a condensed phase at lower temperature to a spin-gapped
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Figure 23. (a) Static susceptibility of κ-Cl, κ-Br, and κ-NCS. Reprinted with permission from Ref. [274], c© 1995 The American Physical Society.
(b)-(d) ESR parameters of κ-Br versus temperature. Squares and triangles correspond to the field perpendicular and parallel to the conducting plane,
respectively. Reprinted with permission from Ref. [275], c© 1992 Elsevier.
phase with ∆ ≈ 3.5 mK [270].
Under pressure, the resistivity of κ-CN drops suddenly below about 10 K for P ∼ 0.4 GPa [256]. This was
interpreted as a first-order transition from Mott to a metallic state, which under lower temperature becomes supercon-
ducting [256]. Near the transition to the metallic state, two separate components are observed in the NMR signal, at
first suggesting the presence of phase segregation into metallic and insulating domains [256]. However, the absence of
of hysteresis in measurements of the resistivity and lack of two distinct signals in 13C NMR suggest that the transition
is not first order [268]. 13C NMR measurements under pressure found a similar pressure dependence of 1/(T1T) to
κ-Br under pressure, with a peak in 1/(T1T) at around 10 K that moves to higher temperatures under pressure [268].
One of the unresolved puzzles concerning κ-CN is the apparent disagreement between low temperature specific
heat and thermal conductivity measurements. The specific heat Cp of κ-CN is linear in T at low temperature (0.75 to
2.5 K), characteristic of a gapless energy spectrum [272]. Cp is also independent of magnetic field up to 8 T [272].
Thermal conductivity measurements (as well as µSR) indicate the presence of a small spin gap [273].
Pseudogap. A number of experiments indicate some kind of phase transition or crossover occurring at around 50 K
within the metallic state of κ-(ET)2X. In both κ-Br and κ-NCS an anomaly in the derivative of the resistivity is seen
at around 50 K [277, 278]. Anomalies in the lattice expansivity reminiscent of second-order phase transitions are
seen in the same temperature region in both of these salts [279]. In particular, NMR experiments (see reference [265]
for a review) give strong evidence that this transition is to a pseudogapped state. As shown in Fig. 23(a), the static
magnetic susceptibility begins to gradually decrease below around 100 K, decreasing more steeply below around 50
K [274]. Similarly, the ESR integrated intensity (see Fig. 23(b)) remains constant from 300 K down to about 50 K,
below which it drops indicating a nonmagnetic ground state [275]. Similar behavior is seen in the 13C NMR 1/(T1T)
[274, 280]. 1/(T1T) is nearly identical for κ-Cl and κ-Br (see Fig. 24(a)) from 300 K down to 50 K (κ-NCS is similar)
[274, 280]. Below 50 K 1/(T1T) diverges as T approaches TN for κ-Cl, while 1/(T1T) decreases for κ-Br and κ-NCS
[274, 280]. Closer to Tc some differences are however observed between different superconducting κ salts. In κ-
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Figure 24. (a) 1/(T1T) versus temperature for κ-Cl and κ-Br. The inset expands the low temperature region. Reprinted with permission from
Ref. [251], c© 1997 The American Physical Society. (b)-(c) 1/(T1T) for κ-Br at low temperature. For κ-Br (but not κ-NCS), a depression of 1/(T1T)
is observed in the temperature range immediately above Tc Reprinted with permission from Ref. [276], c© 2014 The American Physical Society.
NCS (Tc=9.3 K), the 13C NMR 1/(T1T) is nearly constant in the region approximately 5 K above Tc, with nearly the
same value as the low-temperature normal state, which was determined by suppressing SC with a magnetic field (see
Fig. 24) [251, 276]. κ-CN behaves similarly, with a nearly constant 1/T1T just above Tc [281]. In contrast, in κ-Br
(Tc=11.4 K), 1/(T1T) decreases in the region approximately 5 K above Tc before reaching Tc (Figs. 24(b) and (c))
[276]. A similar reduction of 1/(T1T) occurs just above Tc in d8-κ-Br, where the effect appears to start at even higher
temperature (∼ 30 K) [223]. It has been suggested that the apparent higher pseudogap temperature in d8-κ-Br is due
to it being closer to the AFM phase in the phase diagram [223]. However, it is also possible that the apparent stronger
temperature dependence of 1/(T1T) in the 10–30 K region is due to AFM domains in the phase segregated state [276].
The Nernst effect is another experimental probe that has been used to detect the presence of a pseudogap in the
high-Tc cuprates above Tc [282, 283]. In the Nernst effect, a transverse electric field is generated from a temperature
gradient and a perpendicular magnetic field. Normally a weak effect, the transverse field is strongly enhanced in a
superconductor due to superconducting vortices. In the cuprates, the large Nernst signal within the pseudogap region
but well above Tc has been interpreted by some authors as evidence for a fluctuating superconducting state[282].
This conclusion, has however, been contradicted by others who believe that large Nernst signal accompanies stripe
formation [284]. Measurements of the Nernst effect in κ-NCS and κ-Br both show a clear Nernst signal below Tc [285].
For κ-Br the Nernst coefficient is positive slightly above Tc suggesting a pseudogap, while for κ-NCS there is no signal
above Tc [285]. It has been suggested that the presence of the Nernst effect above Tc in κ-Br but not in κ-NCS is again
due to κ-Br being closer to the AFM state in the phase diagram [285]. Experiments on X=Cu[N(CN)2]Cl1−xBrx found
a positive Nernst signal at an even higher temperature (≈5Tc) for x = 0.73, which was interpreted as an increase in
SC fluctuations due to closer proximity to the Mott transition [286]. Another possible reason for the difference is
the different amount of disorder in these two salts [259]; in the context of cuprates it was suggested that the positive
Nernst signal tracks the disorder that accompanies stripe formation in the La-based cuprates [284]. Magnetic torque
measurements on κ-NCS did however give evidence for fluctuating SC above Tc [287].
Symmetry of Superconducting order parameter. Experiments using a wide range of probes suggest that the SC pair-
ing throughout the κ-(ET)2X family is singlet with nodes in the order parameter. Experimental techniques that have
been employed include site-selective 13C NMR [265, 288], specific heat measurements [289], penetration depth mea-
surements [290–292], as well as STM tunneling experiments [293–295]. The temperature dependence of the NMR
relaxation rate 1/T1 in the superconducting state goes as T3 at low temperatures, consistent with an order parameter
with nodes. This T3 dependence has been verified in κ-Br [288], κ-NCS [265], and κ-CN [281].
Experiments are generally in agreement that the SC is singlet rather than triplet, and that the order parameter
has nodes. However, there is less agreement on the location of nodes in the conducting plane. The order parameter
symmetries dx2−y2 and dxy have nodes in different locations, rotated by 45◦. An additional complication is that the
axes in the effective dimer lattice (xˆ and yˆ in Fig. 20) are rotated at 45◦ from the crystal axes (aˆ and cˆ in Fig. 20). In
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the experimental literature dx2−y2 symmetry is usually assumed to have nodes at 45◦ to the crystal axes, while dxy has
nodes along the crystal axes. In theory based on the effective half-filled model these two symmetries are interchanged.
Magneto-optical [296] and specific heat measurements in a magnetic field find the nodes aligned with the crystal axes
[297]. Thermal conductivity [298] and STM measurements [293, 294] however find the nodes between the crystal
axes. STM measurements on partially deuterated κ-Br found two possible d-wave order parameters, probably due to
phase segregation [295]. Recent STM measurements on κ-Br suggest a mixed order parameter of s+dx2−y2 form [299].
Such a symmetry is predicted by numerical calculations within a 34 -filled model (see Section 6.2.5) as well by RPA
spin-fluctuation calculations [218, 299]. Disagreement in the location of the nodes is probably due to experimental
factors; determining the symmetry of the order parameter from thermodynamic measurements is difficult because
one must separate the small electronic contribution to the specific heat from the much larger phonon background
[289, 300]. For example, earlier specific heat measurements had suggested s-wave pairing [301, 302], but more recent
work is consistent with nodes in the gap function [289, 300]. In summary, experiments now agree that nodes are
present in the superconducting order parameter, but more work appears to be needed to precisely define the functional
form and determine to what degree it varies for different members of the κ-(ET)2X family. In relation to this point,
experiments under pressure that are sensitive to the position of the nodes have yet to be performed on κ-CN.
Charge and lattice effects. Within the effective 12 -filled band picture at large Hubbard U there is minimal charge
fluctuation and lattice effects are also expected to be weak. Nevertheless, a wide range of experiments indicate that
charge and lattice degrees of freedom play important roles in the low-temperature physics κ-(ET)2X. Most features
in the phase diagram of κ-Cl (the superconducting transition, MI transitions both as a function of temperature and
pressure, and the critical point) were observed as anomalies in the propagation speed of ultrasound [303]. The AFM
transition at TN ∼ 27 K however could not be identified [303]. Precision lattice expansivity measurements have also
been performed on several κ-(ET)2X [279, 304]. As mentioned above, anomalies are seen in the lattice expansivity in
the ∼50 K region where the pseudogap opens. At lower temperatures, in κ-CN a large anomaly is seen in the in-plane
lattice expansivity at 6 K, along with a smaller feature at 2.8 K [305]. The sharpness of the 6 K feature suggests a real
phase transition rather than a crossover, and the shape of the feature is similar to the anomaly seen at the SP transition
in (TMTTF)2X [174]. These features were unaltered by magnetic fields up to 8 T [305].
Measurements of the frequency-dependent dielectric constant for κ-CN found that the dielectric constant goes
through a broad maximum at temperature Tmax for T/ 50 K [306]. The peak strengthens with decreasing frequency,
with Tmax shifting to lower temperature [306]. The response was interpreted as being similar to relaxor ferroelectrics,
with anti-ferroelectric ordering in the case of κ-CN. Because of the low frequencies involved, random domains of
short-range charge order (with unequal charges on the two BEDT-TTF molecules in a dimer) are presumed to be
fluctuating rather than the charges on individual ET molecules. The extrapolated temperature for antiferroelectric or-
dering is approximately 6 K [306]. While the first measurements were performed with the electric field perpendicular
to the BEDT-TTF layers [306], the effect was confirmed for fields parallel to the layers [307]. A similar dielectric
response is seen in κ-Cl [308, 309] (see [310] for a review). In the case of κ-Cl, the ferroelectric ordering coexists with
the AFM state, giving rise to the suggestion that κ-Cl is an example of a multiferroic [308]. Microwave measurement
of the in-plane dielectric constant of κ-CN also confirms the activity of charge degrees of freedom [311]. Below 6 K
a peak in the microwave dielectric function is seen, which is suppressed by a magnetic field [311]. Significant sample
preparation, strain, and thermal effects were noted however.
The suggestion that fluctuating charge order is present in κ-(ET)2X has led to a renewed interest in examining
signatures of CO in these materials. No signatures of static CO are seen by NMR [215, 265]. Optical spectroscopy
with light polarized perpendicular to the BEDT-TTF layers has a much smaller background from the conduction
electrons in the planes and is therefore particularly sensitive to charge disproportionation on the molecules. No
indications of CO to within ∆n = 0.01e were seen in the optical spectra down to 12 K for κ-Br, κ-Cl, and κ-NCS
[312]. Fluctuating CO with a timescale slower than 10−11s was excluded by [312]. Other optical measurements do
give evidence for a fluctuating CO in κ-CN. Raman scattering found line broadening of the charge-sensitive ν2 mode
below 50 K in κ-CN [313]. This broadening was only seen in samples cooled slowly enough, and also disappeared
under the effect of pressure once the material entered the metallic phase [313]. In pump-probe experiments on κ-CN,
a response at 30 cm−1 was interpreted as evidence for fluctuating charge order within each dimer [314]. This mode
begins to increase in amplitude at approximately the same temperature as the relaxor dielectric response begins (∼40
K), and steeply increases and saturates at 6 K [314]. The fast recovery time from the photoexcitation (2.6 ps) rules out
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a structural transformation or formation of domains as seen in α-(ET)2I3, where the timescale is orders of magnitude
slower [315, 316]. This is also much faster than the timescale of the measurements of [306].
The possibility of static CO of very small amplitude in κ-(ET)2X also remains. In the (TMTTF)2X salts a peak in
the dielectric constant at the charge ordering temperature is seen, which is of much larger relative magnitude than in
κ-(ET)2X [172]. Based on the known magnitude of CO in (TMTTF)2X, ∆n=0.26e for X=AsF6 and ∆n=0.12e X=PF6
[94], and the smaller relative dielectric anomaly in κ-(ET)2X, a charge disproportionation smaller than ∆n∼0.01e is
expected [309].
A second explanation for the unusual dielectric response is that it is coming not from charge disproportionation
within the κ-(ET)2X dimers, but from the domain walls between microscopic insulating and metallic domains [317].
This picture is supported by the general tendency towards phase segregation below ∼50 K seen in many κ-phase mate-
rials noted above. The slower time scale seen in dielectric constant experiments (of order kHz and lower frequencies)
also supports the existence of larger domains. Various explanations have been given for the source of disorder. One
intrinsic source of disorder in many κ-(ET)2X is the Cu atom valence in the anion layer, which can also lead to a
mixture of Cu2(CN)3 and Cu(CN)[N(CN)2] anions [264, 318]. However, similar relaxor dielectric response is seen in
both X=Cu2(CN)3 and X=Ag2(CN)3 [232, 319]. Another suggestion is that the anion layer, and in particular the CN
groups for X=Cu2(CN)3 are a source of disorder [307, 319]. Regarding the influence of the anion layer, it is important
to note that relaxor dielectric response very similar to that found in κ-CN is also observed in other dimerized CTS,
for example β′-(ET)2ICl2 [320] and β-(meso-DMBEDT-TTF)2PF6 [321]. Like κ-(ET)2X, β′-(ET)2ICl2 is strongly
dimerized and also has AFM order. However, the lack of a complex anion layer in β′-(ET)2ICl2 shows that anion
layer disorder is not an essential component to the relaxor dielectric response seen in many CTS.
Charge ordered κ phase salts. A family of κ-phase CTS that shows a variety of CO transitions are the κ-(ET)2Hg
(SCN)3−nXn, with n = 1, 2 and X a variety of anions (F, Cl, Br, I) [322]. MI transitions involving lattice and likely
CO are found over a range of temperatures from 30 to 140 K within this series [229–231, 322–324]. The lower
transition temperatures suggest the possibility that the CO pattern has unequal charges within each ET dimer. In
κ-(ET)2Hg(SCN)2Br, the MI transition occurs at 100 K; for a deuterated analog (D8-ET)2Hg(SCN)2Br the transition
temperature is lower (60 K) [323]. Below the transition the susceptibility in both materials decreases regardless of the
crystal orientation indicating a spin-gapped ground state. The susceptibility can be fitted by the form usually assumed
for a SP gap, χ = C/T exp(∆/T ), with ∆ ≈ 496 and 340 K for the protonated and deuterated Br salts, respectively
[323]. We argue in Section 6.2.3 that spin gap accompanying CO is a signature that the charge-ordering does not
correspond to a simple WC. In κ-(ET)2Hg(SCN)2I the resistivity decreases rapidly below 50 K [324]; the properties
of this salt may be complicated however by the presence of two crystallographically distinct ET layers.
A number of experimental probes, as well as the effect of hydrostatic pressure have been used to investigate the
Hg(SCN)2Cl salt, where TMI ∼ 30 K [229–231]. Optical measurements find CO with ∆n=0.2e below the transition
[230]. No obvious change of the crystal structure is visible in X-ray analysis, further suggesting that the MI transi-
tion corresponds to pure charge ordering with unequal charges within each BEDT-TTF dimer [230]. While the MI
transition and presence of CO is now well-confirmed in this material, the properties at lower temperatures are less
certain. Slightly below TMI a kink was observed in the resistivity at 27-28 K, together with a small decrease in the
susceptibility which might indicate tendency towards a spin-gapped ground state [229]. However, at lower tempera-
tures an increase in the susceptibility, as well as ESR measurements suggested that the ground state has AFM order
[229]. While many samples have displayed similar anomalies in ρ(T ) below TMI which are reproducible under re-
peated heating and cooling, details of the properties are sample dependent [231]. This possibly suggests that there are
several competing magnetic states. Under pressure, CO is suppressed, but to date no SC has been detected down to
1.5 K [231].
In some families of κ-(ET)2X CO occurs at relatively high temperatures, with the CO pattern consisting of dimers
of neutral BEDT-TTF0 and dimers of BEDT-TTF+1 [325, 326], analogous to the CO pattern BCDW-II in 1D (see
Fig. 7(f)). Such a CO state with two holes on a single dimer has a large charge gap and would be expected to remain an
insulator at low temperatures, as is also found for quasi-1D BCDW-II CTS [34]. Materials with this CO state include
κ-[Et4N](ET)4M(CN)6· 3 H2O with M=CoIII, FeIII, and CrIII [327–331], and κ-(ET)4- [M(CN)6][N(C2H5)4]·2H2O
with M=CoIII and FeIII [325, 326, 332]. To our knowledge SC has not been observed in any of these κ-(ET)2X.
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Recent developments. Here we highlight several κ-(ET)2X CTS that have been of interest recently, X=Ag2(CN)3,
B(CN)4, and CF3SO3.
The properties of κ-(ET)2Ag2(CN)3 are quite similar to κ-(ET)2Cu2(CN)3: at ambient pressure Ag2(CN)3 dis-
plays QSL-like properties with no apparent magnetic order to low temperatures [232, 319]. Compared to Cu2(CN)3,
Ag2(CN)3 is believed to be slightly closer to an isotropic triangular dimer lattice [232, 319]. One experimental ad-
vantage of Ag2(CN)3 over Cu2(CN)3 is the absence of Cu valence impurity difficulties as Ag2+ is unknown. Under
pressure Ag2(CN)3 is also superconducting with Tc=5.2 K, with a slightly higher pressure required compared to
Cu2(CN)3 [232].
X=B(CN)4 and CF3SO3 are unique compared to most previously studied κ CTS because their effective dimer frus-
tration t′/t is significantly larger that 1 [222, 234, 235]. For B(CN)4 t′/t ∼ 1.44 at room temperature [222]. B(CN)4
undergoes a second-order transition to a spin-gapped state at 5 K; the large ratio of 2∆/Tc = 10.6 is inconsistent with
a weak-coupling mechanism for the gap [222]. While pressure does reduce the gap, this material remains semicon-
ducting with no SC up to 2.5 GPa [222]. It is unknown whether any CO coexists with the SG at low temperatures as
Raman measurements have been performed only for T>TSG.
For CF3SO3 t′/t is even larger, about 1.8 at room temperature [235]. At ambient pressure AFM order is found
with TN = 2.5 K [234, 235]. The much lower Ne´el temperature (and t′/t > 1) may indicate this AFM state has a
different spin pattern than the dimer Ne´el state found in κ-Cl [234, 235]. SC is found with Tc =4.8 K at a pressure of
2.2 GPa [235]. This the only known CTS superconductor with TN <Tc.
Summary. The cation layer in κ-(ET)2X is characterized by strongly dimerized anisotropic triangular lattices with
one hole per dimer. Relatively few have antiferromagnetic (κ-(ET)2Cu[N(CN)2]Cl, κ-d8-(ET)2Cu[N(CN)2]Br, and κ-
(ET)2CF3SO3) or spin liquid (κ-(ET)2Cu2(CN)3 and κ-(ET)2Ag2(CN)3) ground states while the others exhibit ambient
pressure superconductivity (SC), charge order, or spin gap. SC is spin-singlet and the order parameter has nodes.
There is evidence for pseudogap in κ-(ET)2Cu[N(CN)2]Br and κ-(ET)2Cu(NCS)2 at temperatures higher than Tc. In
κ-(ET)2Cu2(CN)3 there occurs a transition or crossover at 6 K whose nature is not understood. There is evidence for
intra-dimer charge-fluctuation, relatively strong lattice effects, and a small spin gap. A spin gap has been observed in
some charge-ordered κ-(ET)2X. The Ne´el temperature TN is lower than the superconducting critical temperature Tc
in κ-(ET)2CF3SO3, which would seem to argue against spin-fluctuation driven SC. Taken together, the observations
overall also do not support an effective 12 -filled band model.
5.1.2. β, β′, and β′′ type CTS
The α, β, β′, β′′, and θ type CTS all have structures composed of stacks of BEDT-TTF molecules forming 2D layers
(see Fig. 25). In the β, β′, and β′′ structures, the molecules are all parallel to each other, while in θ and α (see Sections
5.1.3 and 5.1.4), molecules in adjacent stacks are inclined at an angle to each other (see Fig. 25) [364]. The differences
between the β, β′, and β′′ structures arise from different relative orientations and regularity of the molecules in the
stacks. The appropriate tight-binding lattice for all of these structures is rectangular with some amount of frustration
(hopping in the diagonal directions). Because of the angle as well as the relative position between two neighboring
molecules strongly influences the inter-molecular transfer integrals between them, the ti j for these families can be
significantly different from each other.
A large number of β-type CTS are superconducting (see Table 4). Many undergo a MI transition at ambient
pressure to a charge- and/or bond-ordered insulating state and are superconducting under the application of pressure.
There are also many ambient-pressure superconductors. Antiferromagnetic ground states are found in the β′ structure,
as well as in some β structure CTS containing magnetic ions such as Fe (see below). Besides BEDT-TTF, super-
conductors in these structures have been synthesized with BEDO-TTF, DMET, meso-DMBEDT-TTF, BDA-TTP, and
other related molecules [365].
In the β structures the molecular stacks are dimerized with varying degrees of dimerization. In the β′ structure the
stacks are slightly staggered (see Fig. 25), which leads to a larger intra- than inter-stack hopping. Because of this, the
β′-structure CTS are considered more one-dimensional than the β-structure CTS [364]. On the other hand, in the β′′
structure [351, 366], the inter-stack overlaps are larger than the intra-stack overlaps. For this reason, β′′ materials are
usually considered more 2D than β or β′.
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formula Tc(K) Pc(GPa) Notes references
β-(ET)2I3 1.4 (8.1) 0 (0.1) βL (βH) [333, 334]
β-(ET)2IBr2 2.7 0 [335]
β-(ET)2I2Br — — no SC to 0.5 K [336]
β-(ET)2AuI2 5 0 [337]
β-(ET)2ReO4 2 0.4 TMI=81 K [20]
β-(BDA-TTP)2SbF6 7.5 0 [338]
β-(BDA-TTP)2AsF6 5.8 0 [338]
β-(BDA-TTP)2PF6 5.9 0 [338]
β-(BDA-TTP)2FeCl4 3.0 0.4 TMI=118 K, TN=8.2 K [339, 340]
β-(BDA-TTP)2GaCl4 3.1 0.4 TMI=113 K [341]
β-(BDA-TTP)2I3 ∼10 1.0 [342]
β-(meso-DMBEDT-TTF)2PF6 4.3 0.1 TMI=91 K, TCO=70 K [343, 344]
β-(meso-DMBEDT-TTF)2AsF6 4.2 0.4 TMI=90 K, TCO=70 K [345]
β′-(ET)2ICl2 14.2 8.2 TN=22 K [214, 346]
β′-(ET)2AuCl2 — — TN=28 K [347, 348]
β′-(ET)2SF5CF2SO3 — — TSG=TMI=45 K [349]
β′-(ET)2CF3CF2SO3 — — TSG=TMI=30 K [350]
β′′-(ET)2AuBr2 1.1 1.0∗ TCO ∼ 8 K, ∗uniaxial [351, 352]
β′′-(ET)2SF5CH2CF2SO3 5.2 0 TCO=200 K, fluct. CO [353]
β′′-(ET)2SF5CHFCF2SO3 — — TMI=190 K [354]
β′′-(ET)2SF5CH2SO3 — — semiconductor 300 K [349]
β′′-(ET)2SF5CHFSO3 — — metallic, fluct. CO [349]
β′′-(ET)2CF3CH2SO3 — — CO semiconductor 300K [355, 356]
β′′-(DODHT)2AsF6 ∼3 1.5 [357]
β′′-(DODHT)2PF6 2.3 1.3 TMI=255 K [357, 358]
β′′-(DODHT)2BF4·H2O ∼3 1.5 [358]
β′′-(ET)4 [(H3O)Ga(C2O4)3](C5H5N) ∼2 0 incomplete SC [359]
β′′-(ET)4 [(H3O)Ga(C2O4)3](C6H5NO2) 7.5 0 [359]
β′′-(ET)4Pt(CN)4H2O 2.0 0.65 [360]
β′′-(ET)4Pd(CN)4H2O 1.2 0.70 [361]
β′′-(ET)3Cl2·2H2O 2-3 1.1 TMI ∼130 K [362, 363]
Table 4. Summary of the properties of β, β′, and β′′ salts discussed in this section.
β CTS. The β structure CTS were the first class of organic superconductors discovered after the TMTSF/TMTTF
group of materials [20]. Among β-(ET)2X several ambient-pressure superconductors are found, including X=I3 [333],
IBr2 [335], and AuI2 [337]. X=I2Br is not superconducting however, due to disorder in the anions [336, 367]. X=I3
is superconducting at ambient pressure with a relatively low Tc of about 2 K [333], but a higher Tc phase (Tc=8.1 K)
appears under pressure [334]. X=ReO4 at ambient pressure undergoes a first-order MI transition at TMI = 81 K [20].
The insulating state is accompanied with a period-4 lattice distortion along the stack [368], and is non-magnetic with
a large drop in the ESR spin susceptibility accompanying the transition [369]. Optical studies estimated the gap at
2∆ ≈ 480 cm−1 and confirmed that the low-temperature state is not a result of anion ordering [370]. Under a pressure
of 0.4 GPa X=ReO4 becomes superconducting with Tc ∼ 2 K [20].
Several superconductors as well as non-magnetic insulating states are found in the series β-(BDA-TTP)2X [372,
373]. While these have the same β structure as β-(ET)2I3, the inter-molecular overlap is weaker, with overlap integrals
roughly half those of β-(ET)2I3 [338]. Here X=SbF6, AsF6, and PF6 are ambient pressure superconductors with Tc’s
in the 6-7 K range [338]. X=GaCl4, FeCl4, and I3 are superconducting under pressure with Tc ≈ 3 K, with I3 having
a higher Tc ≈ 8 K [339, 341, 342].
At ambient pressure, X=GaCl4 and FeCl4 undergo MI transitions at 118 K and 113 K respectively [339, 341].
FeCl4 undergoes an AFM transition at 8.5 K which is absent in the isostructural GaCl4, suggesting that the transition
involves the Fe spins [339, 341]. In GaCl4 the ambient-pressure state at low temperatures is a nonmagnetic insulator:
the ESR magnetic susceptibility drops sharply by almost two orders of magnitude at TMI, indicating a first-order tran-
sition [374]. Raman measurements are consistent with a lowered lattice symmetry at the transition, likely involving
bond and/or charge order [374]. X-ray structural analysis found superlattice reflections below TMI similar to those
found in α-(ET)2I3 indicating a doubling of the periodicity of the BDA-TTP stacks (to period 4) [374, 375].
β-(meso-DMBEDT-TTF)2X (X=AsF6 and PF6) is another β-phase CTS with CO adjacent to SC (see Fig. 27)
where the CO state has been studied in detail [345]. The properties of AsF6 and PF6 are very similar [345]. PF6
undergoes a MI transition at about 90 K, and SC appears under pressure with a Tc=4.3 K [343]. CO has been
confirmed via optical methods, with an estimated charge disproportionation of ∆n∼ 0.5 for X=PF6 under ambient
pressure [376]. While the pattern of CO has been described as a “checkerboard”, this would be true only if pairs
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Figure 25. Comparison of α, β, and θ structures. Ring-over-atom (RA) and ring-over-bond (RB) denote two different kinds of inter-molecular
overlaps. Reprinted with permission from Ref. [364], c© 1998 The Chemical Society of Japan.
of charge-rich and charge-poor molecules are considered as individual sites; considering the individual molecules as
sites, the CO follows a clear · · · 1100· · · pattern along the DMBEDT-TTF stacks as shown in Fig. 27(a) [371]. In
infrared reflectivity and Raman measurements on PF6, CO was found in the insulating state below 70 K at ambient
pressure [344, 376, 377]. Under pressure, experiments noted the formation of metallic regions of short-range CO (see
Fig. 27). The sequence of MI and CO transitions appears similar to θ-(ET)2RbZn(SCN)4 (see Section 5.1.3). First,
in the 70-100 K region X-ray superlattice reflections appear, along with weak diffuse scattering above 100 K [344].
This state was interpreted as a dimer-Mott insulator (without CO) [344, 377]. Following the lattice distortion and MI
transition, CO appears at a lower temperature, approximately 70 K. At the same time as CO appears the susceptibility
drops, indicating a non-magnetic state [345]. In spatially resolved optical measurements, phase segregation in micron-
sized domains was seen between the CO state and the dimer-Mott state, with the volume fraction of CO increasing
below 70 K as the temperature was lowered [377].
β′ CTS. Among the β′ CTS no ambient pressure superconductors are known, consistent with their more quasi-1D
structures. However, under pressure β′-(ET)2ICl2 [346] currently has the highest Tc=14.2 K of all CTS supercon-
ductors but is only superconducting under very high pressures (8.2 GPa) requiring a diamond anvil pressure cell (see
Fig. 28) [214]. At ambient pressure β′-(ET)2ICl2 is a semiconductor at room temperature. The ground state at ambient
pressure is AFM with TN=22 K [378]. The related salt β′-(ET)2AuCl2 has a slightly higher TN=28 K with however no
SC reported in pressures up to 9.9 GPa [347, 348]. The AFM moment in the AFM state of ICl2 is large, approximately
1.0 µB per dimer [379]. Under a pressure of approximately 0.6 GPa the magnetic state however changes [379–381].
both in moment (which decreases above 0.6 GPa), and Ne´el temperature (which increases above 0.6 GPa) [379, 381].
At the same time the spin susceptibility decreases with pressure [379]. These changes likely imply a change in the
magnetic AFM ordering pattern. Like the insulating κ-phase CTS, β′-(ET)2ICl2 displays a very similar frequency-
dependent relaxor dielectric response [320]. Under the application of a static electric field at 15 K, two additional
peaks on both sides of the charge-sensitive ν2 Raman mode were observed, indicating field-induced CO within each
dimer [383].
Due to the very high pressure required, few experimental results are available in the pressure region approaching
superconductivity. In optical measurements, under pressure, intra-dimer charge transfer features shift to much lower
energy [382]. This was interpreted as a change of the effective electronic state of the material from an effectively
1
2 -filled dimer-Mott state at ambient pressure to a
3
4 -filled correlated insulator with a tendency to CO (see Fig. 28)
[382].
While β′-(ET)2ICl2 is AFM at ambient pressure, some β′ are nonmagnetic insulators under ambient pressure.
β′-(ET)2SF5CF2SO3 (not to be confused with the β′′ salts with similar anions–see below) enters a spin-gapped state
below 45 K [349]. In this salt the susceptibility increases slightly with decreasing temperature, with a broad peak at
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(a) (b)
Figure 26. (a) Phase diagram of β-(ET)2ReO4. Thermal hysteresis was observed in the hatched area. Reprinted with permission from Ref. [20], c©
1983 The American Physical Society. (b) Phase diagram of β-(BDA-TTP)2MCl4, M=Fe, Ga. Solid symbols are for M=Fe and open symbols for
M=Ga Reprinted with permission from Ref. [340], c© 2004 The American Physical Society.
(a)
(b)
Figure 27. (a) Charge order state found in β-(meso-DMBEDT-TTF)2PF6. Reprinted with permission from Ref. [371]. c© 2006 The American
Chemical Society. (b) Phase diagram. Long-range charge order (LR-CCO) evolves into short range order charge order (SR-CO) and SC under
pressure. Reprinted with permission from Ref. [344]. c© 2009 The American Physical Society.
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Figure 28. Phase diagram of the β′-(ET)2ICl2. Reprinted with permission from Ref. [382]. c© 2015 The American Physical Society.
around 150 K [349]. A steep drop in the susceptibility for all orientations of the applied magnetic field indicates an
SP-like spin-gapped state [349]. The similar β′-(ET)2CF3CF2SO3 also has a spin-gap transition at 30 K [350]. For
this salt Raman investigation did find evidence for symmetry breaking caused by lattice distortion in the SP phase
[350]. CO however was not detected in β′-(ET)2CF3CF2SO3, although CO with molecular charges of 0.6 and 0.4 was
found in a different structural variant (δ′ structure) of the same salt [350].
β′′ CTS. The first β′′ salt discovered was β′′-(ET)2AuBr2 [351]. β′′-(ET)2AuBr2 stays metallic until low temperatures.
SC has not been found under isotropic pressure, but a Tc of approximately 1 K was found under conditions of uniaxial
strain [352, 384]. AuBr2 has some unusual properties at low temperatures that could indicate a weak CO state: At
ambient pressure there is a kink in the resistivity at 110 K followed by a slight upturn at around 8 K that is suppressed
by pressure [384]. X-ray superlattice reflections are observed at low temperatures, indicating bond ordering below 6.5
K [352]; optical studies are consistent with a gapped state coexisting with free carriers [385]. There is also a steep
decrease in the susceptibility at low temperatures indicating a non-magnetic ground state [384].
β′′-(ET)2SF5R were the first CTS superconductors discovered with both cations and anions organic [349, 353,
354]. A summary of the different known R and structures is given in reference [387] (note that some also crystallize
in structures different from β′′). Recent investigations into this series have noted the presence of SC, CO, as well as
CO fluctuations.
In this series of salts R=CH2CF2SO3 (β′′-SC) is the only known superconductor, with Tc = 5.2 K under ambi-
ent pressure [353]. In this series the cation layer is composed of two inequivalent dimerized stacks of BEDT-TTF
molecules along the a axis. Differences in the relative distance of these two BEDT-TTF stacks to SO−3 and SF5 groups
in the anion layer lead to a slight charge imbalance between the two stacks even at 300 K, with a charge density
of 0.5+∆n/2 on one stack and 0.5-∆n/2 on the other [349, 354]. In the superconducting material the inequivalence
between the two stacks decreases at lower temperatures [354].
Other members of the family include R=CHFCF2SO3 (β′′-MI), which undergoes a first-order MI transition at 190
K, below which the stack dimerization increases greatly [354]. R=CH2SO3 (β′′-I) is a charge-ordered semiconductor
already at room temperature [349], with the degree of CO estimated as ∆n ∼ 0.4 from optical measurements [356].
The R=CHFSO3 (β′′-M) remains metallic to low temperature [349]. β′′-(ET)2CF3CH2SO3 is another salt that is
semiconducting and charge ordered at 300 K, with the CO amplitude estimated as ∆n ∼ 0.6 [355, 356].
Optical investigations have provided evidence for CO and charge fluctuations in this series of salts [356, 386, 388].
In β′′-SC the ν27 IR mode splits below 200 K without any structural change [388]. Compared to β′′-M, in β′′-
SC at low temperatures a pronounced optical conductivity in the mid-IR (300 ∼ 1000 cm−1) develops [388] (see
Fig. 29). A strong signal at ∼40 cm−1, related to an inter-site phonon mode, also develops at low temperature in the
superconducting salt [388]. These features were interpreted as the formation of a pseudogap, and evidence for the
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Figure 29. Optical conductivity and Raman spectra as a function of temperature for the β′′-(ET)2SF5R family, R=CH2CF2SO3 (β′′-SC) and
R=CHFSO3 (β′′-M). The emergence of the doublet in the optical conductivity below about 150 K indicates the presence of charge order in β′′-SC
but not in β′′-M. Reprinted with permission from Ref. [386]. c© 2014 The American Physical Society.
importance of lattice coupling in the low-temperature electronic state [388]. Raman experiments have given more
details (see Fig. 29) [386]. In Raman experiments on β′′-SC, the totally-symmetric charge coupled mode splits at
low temperature [386]. This response was well fit by a two-state “jump” model of charge fluctuations within a dimer
[389, 390]. The authors concluded that (i) charge fluctuations are present in both β′′-SC and β′′-M which are related to
the fluctuation of charge between the two inequivalent BEDT-TTF stacks; (ii) in β′′-SC (but not β′′-M), a second static
coexisting CO develops at low temperature, which is instead characterized by an additional charge disproportionation
within each of the BEDT-TTF stacks (see Fig. 29).
β′′-(DODHT)2X has smaller intermolecular interactions along the stacks compared to β′′-(ET)2AuBr2 [357]. At
ambient pressure and room temperature X=AsF6, PF6, TaF6, and BF4·H2O are semiconductors, and X=AsF6, PF6,
and BF4·H2O become superconducting with Tc ≈ 3 K under ∼ 1.5 GPa pressure [357, 358, 391–393]. At ambient
pressure in X=PF6, the resistivity starts to increase steeply below 255 K indicating a transition to an insulating state
[358]. The low temperature state is a non-magnetic insulator. X-ray satellite reflections indicate structural changes at
low temperature and a charge-ordered ground state has been suggested [358, 394]; however to our knowledge direct
charge-sensitive measurements have not yet been performed on this series of CTS.
Some other superconducting β′′ CTS include β′′-(ET)4 [(H3O)M (C2O4)3]Y, where M=Ga, Cr, or Fe, and Y=pyridine
(C2H5N) or nitrobenzene (C6H5NO2) [359, 397, 398]. Of these, M=Ga and Cr with Y=C6H5NO2 and M=Fe with
Y=C6H5CN are superconductors (see Fig. 30) [359, 395–397]. In this group of CTS, the resistivity decreases from
room temperature until around 100 K, below which it rises to a peak at about 10 K before SC [395]. Tc’s up to
about 8 K are reported [395]. As in κ-(ET)2X, the low temperature state of this series appears to have a disordered
mixture of insulating and metallic phases [395, 396]. A very low carrier density was also noted [395]. For M=Ga and
Y=C6H5NO2, Raman scattering spectra split below 100 K indicating charge ordering (see Fig. 30(a)); the splitting is
more pronounced in the non-superconducting salts [395]. Further Raman measurements found charge disproportion-
ation of amplitude 0.5 ∼ ∆n∼ 0.13 [399]. Based on the pattern of bonds lengths, the CO pattern along the stacking
direction was inferred to be · · · 1100· · · [399].
β′′-(ET)3Cl2·H2O is an interesting CTS superconductor, as by stoichiometry it appears to be 23 - rather than 34 -filled
[362, 400]. This salt has a wide MI transition at around 100-160 K, and is superconducting with a Tc of 2-3 K at
∼ 1.6 GPa [362, 363, 400, 401]. Optics and 13C NMR measurements indicate CO below 100 K, and a decrease in
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(a)
(b)
Figure 30. (a) Raman spectra of β′′-(ET)4[(H3O)M(C2O4)3] ·Y, M=Ga, Y=C6H5NO2. The splitting of the ν2 mode below ∼100 K indicates charge
ordering. Reprinted with permission from Ref. [395]. c© 2005 The American Physical Society. (b) Phase diagram of this family of CTS. Here
∆V/V is the fractional change of the unit cell volume compared to M=Fe. Tp and Td are features observed in resistivity measurements. I, M, DW,
and PM are insulating, metallic, density wave, and paramagnetic metallic phases, respectively. Reprinted with permission from Ref. [396]. c© 2004
The American Physical Society.
the susceptibility shows that the low-temperature state is a non-magnetic singlet [399, 402]. The unit cell contains
three independent molecules. The charges on these three sites in the CO state was estimated as 0.4e, 0.6e, and 1.0e
[402]. This corresponds to a single ρ = 1 stack of BEDT-TTF molecules, and two stacks with ρ = 12 ± ∆n/2. X-ray
structural results at low temperature are consistent with one stack having ρ ∼1.0e charge [401]. NMR measurements
under pressure indicate that the spin-singlet state remains under pressure until the SC phase is reached [402].
Summary. A charge-order-to-superconductivity transition is common in the β, β′ and β′′ materials. In all cases
where the pattern of the charge order or bond distortion is known, it appears to be different from that of the simple
Wigner crystal (WC), in that in more than one direction the charge order pattern is · · · 1100 · · · . Spin gap (SG) often
accompanies the charge order or occurs as a separate lower temperature phase. A SG is not expected within the WC
(see Section 6.2.2, in particular Fig. 51).
5.1.3. θ CTS
In the θ structure (see Fig. 25), molecules in neighboring stacks are tilted with respect to each other by a dihedral
angle of 100–140◦ (see Fig. 31) [403]. Among the θ-(ET)2X, X=I3 is superconducting at ambient pressure with
Tc=3.6 K [403]. I3 is metallic at 300 K. The resistivity drops with decreasing temperature, with a more rapid decrease
below around 75 K [403]. At low temperatures the optical conductivity displays a Drude peak at low frequencies
[404, 405]. Unlike conventional metals however, the Drude response has a long tail extending to higher frequencies
[405]. As temperature increases, the Drude peak is replaced by a far-IR peak, which shifts to higher energy and loses
spectral weight with increasing temperature [405]. These features were suggested as indicating that I3 is a strongly
correlated system showing “bad metal” characteristics [405].
Besides X=I3, a variety of θ salts with X=MM′(SCN)4 are known, which in general undergo MI transitions be-
tween 20 and 250 K (see Fig. 31) [406–408]. The θ CTS have been grouped into a phase diagram shown in Fig. 31(b).
A convenient parameter is the dihedral angle θ between neighboring molecules (see Fig. 31) [408]. The hopping inte-
gral tp (see Fig. 32(a)) between stacks depends sensitively on θ, with tp increasing with decreasing θ [408]. The smaller
bandwidth for larger θ was assumed to increase TMI [408], although a simultaneous decrease in c (see Fig. 32(b)) in-
creasing Vc also favors an insulating state [409]. Unlike most other insulating CTS, in θ-(ET)2X TMI increases with
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(a)
(b)
Figure 31. (a) Variation of structural parameters and MI transition temperature for several θ-(ET)2XMM′(SCN)4. (b) Phase diagram. Here the
horizontal axis is the dihedral angle between BEDT-TTF stacks (see text). Reprinted with permission from Ref. [408]. c© 1998 The American
Physical Society.
hydrostatic pressure [408, 409]. A complication in studying the insulating phases in the θ CTS is that their properties
depend strongly on cooling rate, with slow cooling required to obtain long-range order (LRO) [408].
CO coincides with TMI in θ-(ET)2X. The CO transition has been studied most intensely for two series of θ CTS,
θ-(ET)2MM′(SCN)4 with either (M,M′)=(Rb, Zn) or (Rb, Co) and (Cs, Zn) or (Cs, Co) [406]. In the RbZn salt
TMI ∼195 K, and CO was confirmed by NMR (see Fig. 32(a)) [410, 412, 413], Raman and IR reflectance [414], X-rays
[411, 415], and dielectric permittivity [416]. Here the MI/CO transition is first order, with a dimerization of the stacks
occurring below TMI. The pattern of CO is the horizontal stripe shown in Fig. 32(b), with charge disproportionation
∆n = 0.6 [412, 414, 415]. Above TMI evidence for fluctuating charge order is seen in NMR line broadening [410, 417]
(see Fig. 32) and in diffuse X-ray scattering [418]. The periodicity of the diffuse scattering above TMI is however not
the same as the periodicity in the CO state, suggesting that two different charge order patterns are competing [418].
In RbZn no change in the magnetic susceptibility is seen at TMI [408]. However, in slowly cooled samples, a second
transition occurs at TSG ≈ 20K into a non-magnetic state [408, 419]. Below TSG a structural symmetry change occurs
breaking the screw-axis symmetry existing along the horizontal charge order stripe (see Fig. 32) [419]. Within this
symmetry breaking, the bonds p4 in Fig. 32 become inequivalent, consistent with a dimerization along the horizontal
stripe direction giving a spin gap [419]. We discuss this further in Sections 6.2.2 and 6.2.3.
In comparison to RbM′, in the CsM′ salts are weakly metallic until low temperature, when a MI transition occurs
at approximately 20 K [408]. Unlike the well-ordered insulating state in slowly cooled RbM′ samples, experiments
on CsM′ suggest a phase separated state at low temperature [420]. The resistivity begins to rise slightly below ∼ 100
K, and then increase steeply below 20 K [408]. TMI here also increases with pressure [408]. X-rays show diffuse
scattering at q1=(2/3, k, 1/3) as well as q2=(0, k, 1/2) in the 50 – 120 K range, with q2 (the same periodicity as in
RbZn) becoming stronger at low temperatures [421]. The q2 modulation however remains short-range however in
CsZn [421]. However, a finite jump in the specific heat is observed at 20 K in CsZn, confirming that a phase transition
takes place (as also for RbZn) [422]. For CsM′ the susceptibility increases at low temperature rather than entering a
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(a)
(b)
Figure 32. (a) 13C NMR spectra of θ-(ET)2RbZn′(SCN)4 showing charge ordering at 195 K. Reprinted with permission from Ref. [410]. c© 2000
The American Physical Society. (b) Horizontal stripe charge order found in θ-(ET)2RbZn′(SCN)4 and other θ-phase CTS. Here the dark and light
ellipses denote charge-rich and charge-poor molecules, respectively. Note the charge occupancy pattern · · · 1100 · · · along both the p-directions.
Reprinted with permission from Ref. [411]. c© 2004 The Physical Society of Japan.
spin-gapped state [408, 423]. Sample dependence was not noted in the low temperature susceptibility increase, ruling
out Curie-tail impurities [423]. NMR and EPR results suggested three different temperature regimes: first, from 300
K to 140 K a region of charge fluctuations similar to those in RbZn above TMI; second, from 140 K to 50 K a slowing
down of the charge fluctuations; and third, below 30 K a charge reorganization with the emergence of spin singlets
without large charge disproportionation [423–425]. At low temperature some sites remain paramagnetic and cause the
observed local magnetic moments [423–425]. Raman and IR investigation categorized CsZn as having short-range
CO, with properties similar to those in RbZn which is rapidly cooled; under pressure long-range CO is stabilized
[426].
Besides the θ-(ET)2MM′(SCN)4 series, long-range horizontal stripe CO is seen in other θ-(ET)2X, for example in
X=Cu2CN[N(CN)2]2 below 220 K [427].
Summary. A metal-insulator transition to charge order is common in θ-(ET)2X and is often followed by a lower tem-
perature transition to a nonmagnetic state with a spin gap. The pattern of the charge order at the lowest temperatures
in most cases is the horizontal stripe (Fig. 32(b), which is different from a simple Wigner crystal and has charge
occupancies · · · 1100 · · · along the two most strongly coupled directions. Superconductivity occurs in θ-(ET)2I3.
5.1.4. α CTS
The α structure is nearly identical to the θ structure (see Fig. 25), except the periodicity is doubled already in the
room-temperature structure in the stacking direction by a weak dimerization. α-(ET)2I3 was discovered as a second
crystal structure in the crystal growth of β-(ET)2I3 [430]. This salt has been extensively studied because of its CO
transition, unusual transport properties at low temperature, and superconductivity. α-(ET)2I3 undergoes a sharp MI
transition at 135 K [430]. The susceptibility decreases with temperature until 135 K and then drops sharply at TMI,
indicating a nonmagnetic ground state [431]. The MI transition is suppressed by hydrostatic pressure, without however
the appearance of SC. However, SC with Tc ∼ 7 K is found under conditions of ∼0.2 GPa uniaxial strain along the a
axis (the a axis is the stacking direction, see Fig. 33) [432]. Unlike hydrostatic pressure, a-axis uniaxial strain does
not change TMI greatly, but instead greatly reduces the resistivity in the insulating state [432]. Strain along the other
in-plane direction (b axis) reduced TMI without the appearance of SC [432].
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(a)
(b)
Figure 33. (a) Charge order transition in α-(ET)2I3 as measured by synchrotron X-ray scattering. Reprinted with permission from Ref. [428]. c©
2007 The Physical Society of Japan. The insets show the crystal structure above and below the 135 K CO transition. A and A′ are equivalent
by inversion symmetry in the high-temperature phase. (b) Temperature and pressure dependence of the CO amplitude as determined by Raman
spectroscopy. In the high-temperature phase the charge densities on sites A, A′, B, and C are given by ρA = ρA′ = ρB = 0.5+δM and ρc = 0.5−3δM .
δI is defined in the CO phase as the average of the disproportionation of sites A and B, δI = (δA +δB)/2. The CO phase vanishes under a hydrostatic
pressure of approximately 1.5 GPa. Reprinted with permission from Ref. [429]. c© 2003 The American Physical Society.
Charge order in α-(ET)2I3 has been confirmed by several experimental methods including optics [429, 433], X-
rays [428, 434] and NMR [435, 436]. In this salt CO exists in both the high and low temperature phases (see Fig. 33).
Above TMI, alternate BEDT-TTF stacks are charge ordered in the pattern · · · 1010· · · with a CO amplitude of ∆n ∼
0.2 [428, 429]. Below TMI all stacks become charge ordered, with the CO pattern following a horizontal stripe as in
θ-(ET)2X. Unlike θ where a spin gap only opens at lower temperatures, in α-(ET)2I3 TSG coincides with TMI. Because
of the lower symmetry of the α structure compared to θ, in the horizontal stripe CO in α the bonds in the p direction
(the bonds between molecules A and B in Fig. 33) become inequivalent at the MI transition. This is in contrast to the
θ CTS, where this inequivalence only occurs below the lower temperature magnetic transition [419].
The CO amplitude ∆n is approximately 0.6 (see Fig. 33)[428, 429]. Like other CTS, evidence for relaxor ferro-
electricity is found in measurements of the dielectric constant [437]. Measurements of the frequency dependence of
the dielectric constant (with the electric field perpendicular to the BEDT-TTF layers) show two general effects [437]:
first, for T ' 80 K there is a gradual step-like decrease in the dielectric constant with decreasing temperature. The
step feature shifts to larger temperatures at higher frequencies. Second, for low frequencies, a peak develops in the
dielectric constant, which is located at 40–50 K for the lowest frequencies. Assuming the response corresponds to
a relaxor ferroelectric, the extrapolated Curie-Weiss ordering temperature is 35 K [437]. It is unknown why these
effects show up at temperatures that are much lower than TMI=135 K where the CO first occurs.
Hydrostatic pressure suppresses the CO, which vanishes at approximately 1.5 GPa [429]. The properties of α-
(ET)2I3 under pressure are unusual. 13C NMR under a pressure of 2.3 GPa, where the CO is completely suppressed,
show a vanishing of the spin susceptibility below approximately 50 K [438]. The transport properties under pressure
are unusual and have been investigated by many authors. In the high-pressure state the resistivity becomes nearly
constant in temperature [439, 440]. This was interpreted as a semiconductor in which as temperature decreases the
mobility grows while the carrier density simultaneously falls [440]. Recently there has been great interest in the
semi-metallic state of α-(ET)2I3 under pressure, which has been proposed as a candidate realization of a Dirac cone
semi-metal [441, 442] (for a review see [443]). This is an intriguing possibility but beyond the scope of this review.
α-(ET)2 MHg(SCN)4 with M=K, Rb, Tl, and NH4 are another family of α-phase conductors and superconductors
[448–452]. The M=NH4 salt is an ambient pressure superconductor with Tc ∼ 1 K [450, 451]. For M=K, Rb, and Tl
the resistivity drops with temperature, leveling off at around 10 K; below an anomaly about 8 K the resistance drops
further [453, 454]. The resistivity decrease in some samples at low temperatures is suppressed by magnetic field
below 100-300 mK, suggesting the appearance of a filamentary SC state [454, 455]. Hydrostatic pressure stabilizes
the SC state, leading to the phase diagram shown in Fig. 34 [444, 456]. While Tc is low in this series at ambient or
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(a) (b)
Figure 34. (a) Low temperature-pressure phase diagram of α-(ET)2KHg(SCN)4. Reprinted with permission from Ref. [444]. c© 2005 The American
Physical Society. (b) Phase diagram of α-(ET)2MHg(SCN)4 determined from uniaxial strain experiments. c/a is the ratio of the in-plane lattice
constants. The arrows indicate the approximate ambient-pressure locations of M=NH4 and K The a and c crystal axes in α-(ET)2MHg(SCN)4 are
equivalent to the b and a axes, respectively, in α-(ET)2I3 (see Fig. 33). Reprinted with permission from Ref. [445]. c© 2001 The American Physical
Society.
under hydrostatic pressure, the application of uniaxial stress can increase Tc to ∼ 5 K [445]. Systematic studies of
uniaxial stress applied to M=K and NH4 suggest that SC occurs in this series for those salts with a smaller c/a ratio
(see Fig. 34) [445].
The transition at 8–10 K has been considered “mysterious” as it has similarities with both charge- and spin-density
wave systems [457]. A coexistence of metallic and magnetic ordering was also suggested [458]. Satellite X-ray
reflections of an incommensurate wavevector are seen beginning at room temperature and increase sharply below 10
K in M=K; for M=Rb diffuse scattering at the same wavevectors is seen, reflecting short-range order [459, 460]. In
this temperature range the resistivity decreases while the Hall resistance increases [457]. The spin susceptibility shows
dependence on the field direction, being constant for fields perpendicular to the BEDT-TTF layers, and decreasing
for fields within the layer [457]. Zero-field µSR experiments on M=K found two step-like increases in the relaxation
rate at 12 K and 8 K [461]. These were interpreted as the onset of weak SDW order, first within the 2D planes at 12
K and then with 3D long range order at 8 K [461]. In the optical conductivity a significant dip centered around 200
cm−1 develops below 200 K and was interpreted as a pseudogap [462]. From infrared and Raman studies on M=K, a
breaking of the inversion symmetry between molecules A and A′ (see Fig. 33) was noted below about 200 K [463].
This would be consistent with short-ranged horizontal-stripe CO as found in θ-(ET)2X [463].
Recent 13C NMR experiments on RbHg(SCN)4 have provided more information on the density-wave state [446,
447]. Below 300 K the NMR linewidth increases with decreasing temperature, as shown in Fig. 35 [446]. This
is consistent with the development of incommensurate density waves as observed by X-rays [446, 459, 460]. The
linewidth increase above the 8–10 K transition is principally in the A and A′ molecules (see Fig. 33) [446]. Fig. 35
shows the 13C NMR spectra for M=Rb as a function of temperature [447]. Peak splitting is observed below 10
K: the splitting of peak A-B indicates that the A and A′ molecules become crystallographically inequivalent [447].
The splitting of peaks B and C indicates that the inversion symmetry between molecules B and C is also broken
[447]. These features indicate that CO coexists with a lattice-based density wave in the low temperature state of
α-(ET)2MHg(SCN)4.
Summary. The α structure has lower symmetry (inequivalent stacks) at room temperature than the θ structure. Charge-
ordering and spin-gap transitions occur at the same temperature in α-(ET)2I3. In α-(ET)2MHg(SCN)4 there are likely
coexisting charge- and spin-density waves. The dominant charge order pattern is the horizontal stripe.
5.2. Quasi-two dimensional anionic CTS
The materials in Sections 5.1.1-5.1.4 are all based on layers of cationic organic molecules that are 34 -filled with
electrons, or 14 -filled in terms of holes. However, many organic conductors composed of anionic acceptor molecules
are also known (see [26, 464] for reviews). Here we focus on one particular family composed of metal dithiolene
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Figure 35. (a) Temperature dependence of the 13C NMR linewidth of α-(ET)2RbHg(SCN)4 [446]. Reprinted with permission from Ref. [444]. c©
2005 The American Physical Society. Here the sites A(a) and A(b) correspond to A and A′ in Fig. 33 respectively. (b) 13C NMR spectra of as a
function of temperature. Peak splitting indicating CO is observed in the lines for the A, B, and C molecules below 10 K Reprinted with permission
from Ref. [447]. c© 2008 The American Physical Society.
Cation M Tc(K) Pc(GPa) TN(K) Notes references
Et2Me2N Pd 4 0.2 — single layer [465]
β-Me4N Ni 5 0.7 — solid crossing [466]
β-Me4N Pd 6 0.7 12 solid crossing [467, 468]
β′-Me4P Pd — — 42 solid crossing [469, 470]
β′-Me4P Pt — — — solid crossing; TCO=218 K [469]
β′-Me4Sb Pt 3, 8? 1.0, 0.5? 18 solid crossing [471, 472]
β′-Me4As Pt 4? 0.7? 35 solid crossing [473, 474]
β′-Et2Me2P Pd 4,6? 0.7,0.5? 18 solid crossing [470, 475]
β′-Et2Me2As Pd 5.5 0.8 18 solid crossing [26, 468]
β′-Et2Me2Sb Pd — — — solid crossing; TCO=70 K [475]
β′-EtMe3As Pd 4 0.7 23 solid crossing [476]
β′-EtMe3Sb Pd — — — solid crossing, QSL [477]
m-EtMe3P Pd 5 0.4 — parallel column, TSG=25 K [476]
t-EtMe3P Pd ? ? — parallel column, TSG=50 K [478]
Table 5. Summary of the properties of the M(dmit)2 salts discussed in this section. Tc’s and Pc’s marked with ? refer to uniaxial strain rather than
hydrostatic pressure.
molecules, M(dmit)2 (M=Ni, Pd, Pt). Within this family a variety of quasi-2D superconductors are known, as well
as insulating states with charge and spin order (see Table 5) [26, 215, 464]. In common with the cationic BEDT-TTF
and related superconductors, SC in the M(dmit)2 family also occurs when the carrier density is 0.5 per molecule.
M(dmit)2 salts have several important similarities and differences compared to BEDT-TTF salts. Compared to
BEDT-TTF the HOMO-LUMO gap in the M(dmit)2 molecule is smaller by a factor of about 3 [215]. In general the
M(dmit)2 salts for M=Pd are strongly dimerized, with more tightly coupled dimers than in κ-(ET)2X. Structurally,
within the M(dmit)2 planes, the molecular packing is similar for all the materials in Table 5, with columnar packing
of M(dmit)2 molecules similar to the β and β′ structures (Fig. 25). However, there are several different arrangements
of the planes in the 3D crystal structures as shown in Figs. 36-38 (see [215]). These include single-layer structures
(Fig. 36), the so-called “solid-crossing” layer structure, where molecules stack in different directions in alternate
planes (Fig. 37), and a parallel column structure with two crystallographically distinct planes with stacking in the
same direction (Fig. 38). Within the group of solid-crossing structures there are several types, including very similar β
and β′ structures [215]. An α-type solid-crossing structure is also known (unrelated to the α-(ET)2X structure) [215].
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Figure 36. Crystal structure of Et2Me2N[Pd(dmit)2]2. Reprinted with permission from Ref. [465]. c© 1992 The Chemical Society of Japan.
Figure 37. Crystal structure of β′-Et2Me2P[Pd(dmit)2]2 with “solid-crossing” stacking in adjacent layers. Reprinted with permission from
Ref. [479]. c© 2014 The Physical Society of Japan. [479].
5.2.1. AFM, CO, and SC in M(dmit)2
SC was first observed in this class of CTS in Me4N[Ni(dmit)2]2 with Tc = 5 K [466, 480]. The resistivity undergoes
a jump (with thermal hysteresis) at around 100 K, followed by a sharp rise in resistivity at 20 K. SC with Tc up to 5.0
K was observed, with however large sample dependence [466, 480].
Compared to Ni(dmit)2 salts, in Pd(dmit)2 salts the dimerization is typically very strong, with the ratio of the
extended Hucke¨l overlaps for intra- to inter-bonds within one stack of Pd(dmit)2 molecules being of order 10:1 [468].
The strong dimerization suggests that an effectively 12 -filled band picture is appropriate, and AFM should be observed
in many Pd(dmit)2 salts provided the dimer lattice is not frustrated [26]. This is indeed seen, with many of the
Pd(dmit)2 materials having AFM transitions in the 10–40 K range (see Table 5).
SC is found under pressure in several of the Pd(dmit)2 salts showing AFM under ambient pressure. It is, however,
not clear that the transition to SC occurs from the AFM phase, or if there exist other intermediate phases. Fig. 39
shows the pressure-temperature phase diagrams determined by resistivity measurements for Me4N. Under pressure,
the AFM insulating phase in Me4N is suppressed at about 0.4 GPa (see Fig.39) [481]. After an anomaly in the
resistivity at about 60 K a second metallic phase M2 is reached, followed by a different insulating phase I3 below 30
K [481]. It was noted that near onset the resistivity was very noisy, possibly due to a phase segregation of insulating
and superconducting regions [481].
The phase diagram for Et2Me2P[Pd(dmit)2]2 is shown in Fig. 39(b) [475]. At ambient pressure the resistivity
increases with decreasing temperature below 300 K [475]. Under pressure, metallic behavior is observed above 0.5
GPa [475]. At 0.69 GPa the resistivity reaches a minimum at about 30 K and then increases at lower temperature
before the superconducting transition, becoming larger at low temperature than at room temperature [475]. An un-
usual feature of this salt is that at larger pressures, a second insulating phase is reached (see Fig. 39(b)). The salt
Et2Me2N[Pd(dmit)2]2 also has a similar phase diagram with SC surrounded by two insulating phases, although it
is not isostructural to Et2Me2P as it has a single-layer structure [481]. Et2Me2As[Pd(dmit)2]2 is isostructural with
Et2Me2P and is also superconducting under pressure [26].
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Figure 38. Crystal structure of EtMe3P[Pd(dmit)2]2 with parallel stacking in adjacent layers. Reprinted with permission from [476]. c© 2006 The
American Chemical Society.
(a)
(b)
Figure 39. (a) Phase diagram of β-Me4N[Pd(dmit)2]2. Reprinted with permission from Ref. [481], c© 1993 Elsevier. Ix and Mx indicate different
insulating and metallic phases based on resistivity measurements. The AFM transition is indicated by I2 at ambient pressure. The shaded region
indicates a drop in the resistivity without full SC. (b) Phase diagram of β′-Et2Me2P[Pd(dmit)2]2 based on resistivity measurements. Reprinted with
permission from Ref. [475], c© 1998 Elsevier.
Several of the Pd(dmit)2 salts are superconducting only under the application of uniaxial strain, or reach higher
Tc’s under the application of uniaxial strain (see Table 5) [472, 474]. The highest Tc reached is 8.4 K for Me4Sb
[472]. In all cases, the enhancement of SC occurs when the salts are compressed along the b axis, which is the inter-
stack direction (see Fig. 37) [472, 474]. Application of pressure along the stacking (a) direction resulted in enhanced
non-metallic behavior in the low-pressure region [474].
As in the dimerized BEDT-TTF materials [310], the frequency dependence of the dielectric constant displays
relaxor characteristics in many [Pd(dmit)2]2 CTS [482]. Extrapolated Curie-Weiss ordering temperatures are found
in the range 10 ∼ 30 K; in general a larger TN appears to correlate with a smaller TCW [482]. Assuming the relaxor
behavior is due to fluctuating CO (with the same caveats as discussed in Section 5.1.1), a ∆n ∼0.1e was estimated,
relatively independent of the cation [482]. Static CO has been confirmed for EtMe3P as discussed in the following
section.
5.2.2. EtMe3P[Pd(dmit)2]2
EtMe3P[Pd(dmit)2]2 is unique among this class of materials [476]. Instead of the solid crossing structure found in
the β′ [M(dmit)2] CTS, stacks of [Pd(dmit)2] molecules in EtMe3P[Pd(dmit)2]2 are parallel to those in other layers as
shown in Fig. 38. Two different crystal structures of EtMe3P are known, one with monoclinic structure (m-EtMe3P)
[476] and one with triclinic structure(t-EtMe3P) [478]. Under ambient pressure both variants are semiconducting at
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(a)
(b)
Figure 40. (a) Resistivity of EtMe3P[Pd(dmit)2]2 as a function of temperature and pressure. (b) Phase diagram. Solid and dashed lines denote first
and second order transitions, respectively. Reprinted with permission from Ref. [483], c© 2007 The American Physical Society.
(a) (b)
Figure 41. (a) Temperature dependence of the optical conductivity of t-EtMe3P[Pd(dmit)2]2. The peak splitting below 50 K indicates CO. (b) The
pattern of CO is · · · 1100 · · · along the stack. Reprinted with permission from Ref. [478], c© 2011 The Physical Society of Japan.
room temperature [476, 478]. Under pressure m-EtMe3P is superconducting with Tc=5 K at 0.4 GPa [476, 483]. The
resistivity under pressure is shown in Fig. 40. At about 0.4 GPa, the resistivity drops by three orders of magnitude
at around 20 K, but then increases further at lower temperatures. For pressures near the appearance of SC thermal
hysteresis is observed, suggesting that the transition between the insulating state and the metallic state appears to be
first order [483]. To our knowledge, experiments under pressure for (t-EtMe3P) have not been reported yet.
Under ambient pressure, EtMe3P[Pd(dmit)2]2 undergoes a second-order phase transition to a non-magnetic ground
state that breaks translational symmetry at 25 K (50 K) in the monoclinic (triclinic) forms [476, 478, 484–486]. The
isotropic field dependence of the susceptibility rules out magnetic long-range order (i.e. AFM) for the ground state
[484]. The spin gap for the monoclinic salt was estimated as ∆ ∼40 K [484]. This non-magnetic state was originally
claimed to be a valence-bond solid (VBS) state, with formation of alternating spin-singlet inter-dimer bonds and with
electron occupancy of 1 per dimer [484]. However, optical studies (see Fig. 41) have found that CO coexists with the
bond ordering in the non-magnetic state [478, 486]. Again, considering the individual molecules and not dimers as
units, the charge densities on the molecules have the pattern · · · 0110· · · along the stacks. The individual molecules
within each dimer are different, as shown in Fig. 41, indicating that the description as VBS is overly simplistic. Very
recent careful optical studies [487] have clearly indicated the 14 -filled nature of this material. The same pattern is also
found in the CO state of β-(meso-DMBEDT-TTF)2X [345] (see Fig. 27(a)). The amplitude of the CO is estimated as
δρ ∼ 0.4 − 0.7 in t-EtMe3P and ∼ 0.1 in m-EtMe3P [478, 486].
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(a) (b)
Figure 42. (a) 13C NMR spectra of EtMe3Sb and m-EtMe3P. Reprinted with permission from Ref. [477], c© 2008 The American Physical Society.
(b) relaxation time T−11 versus temperature. Reprinted with permission from Ref. [488], c© 2010 MacMillan Publishers Ltd.
(a)
(b)
Figure 43. (a) Temperature dependence of the thermal conductivity of EtMe3Sb (dmit-131), Et2Me2Sb (dmit-221), and κ-(ET)2Cu2(CN)3 (b)
Magnetic field dependence of the thermal conductivity, normalized to its zero-field value. Reprinted with permission from Ref. [490], c© 2010
AAAS.
5.2.3. β′-EtMe3Sb[Pd(dmit)2]2
EtMe3Sb[Pd(dmit)2]2 has been the most studied CTS of this group because of the possibility that it is an exper-
imental realization of a QSL [215]. As in κ-(ET)2Cu2(CN)3, in EtMe3Sb the 13C NMR spectra hardly changes (see
Fig. 42) down to ∼1 K, despite an estimated inter-dimer J of 220–250 [477]. As for Cu2(CN)3, the NMR line in
EtMe3Sb also broadens at low temperature (broadening is also seen for m-EtMe3P in the δρ ∼ 0.1 CO state below
25 K, see Fig. 42). A kink is found in the 13C NMR relaxation time at ∼1 K indicating some kind of continuous
phase transition [488]. While (T1)−1 is consistent with gapless behavior above 1K, the rapid decrease below 1K in-
dicates gap formation, although the power-law rather than exponential decrease suggests that the gap is nodal rather
than complete [488]. 13C NMR experiments using the inner instead of outer carbon atoms of the Pd(dmit) molecule
reached the same conclusion, suggesting that the results are not affected by the cation molecules [489].
Thermodynamic measurements are consistent with a mix of gapped and gapless behavior at low temperature
[260, 490–493]. The magnetic susceptibility measured using a torque magnetometer, which cancels impurity Curie
contributions, remains paramagnetic to very low temperatures (30 mK) [493]. The specific heat of EtMe3Sb has
a finite linear in temperature term as T→0, consistent with gapless excitations [491]. The thermal conductivity κ
similarly extrapolates to a finite value for T→0 (see Fig. 43) [490]. However, under a magnetic field gap-like behavior
is seen, with a sudden increase in κ once the field exceeds a critical value (Fig. 43) [490].
Summary. A variety of crystal structures and normal state behavior (antiferromagnetism and charge ordering) are seen
in the anionic CTS, in spite of much stronger dimerization than in the κ-(ET)2X. A charge-order to superconductivity
transition is seen most clearly in m-EtMe3P [Pd(dmit)2]2, where the pattern of the charge order is not that of a simple
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valence bond solid, which requires equal charge densities on all the organic molecules. The charge pattern on the
molecules is very clearly · · · 0110· · · , as expected in the 14 -filled band. Recent experiments in the spin liquid compound
β′-EtMe3Sb indicate intradimer charge fluctuations and 14 -filled behavior [487].
5.3. Summary
Only in κ-(ET)2X is superconductivity (SC) found adjacent to antiferromagnetism. Antiferromagnetic order is
found in very few κ-(ET)2X, specifically X= Cu[N(CN)2]Cl, Cu[N(CN)2]Br (deuterated), and X=CF3SO3. For
X=CF3SO3, TN is lower than Tc. There is evidence for intradimer charge fluctuations and pseudogap at temper-
atures greater than Tc in κ-(ET)2X. In a greater number of 2D CTS, SC is reached upon applying pressure to a
charge-ordered or density-wave state. Experimental phase diagrams of the anionic [M(dmit)2]2 superconductors are
similar in many ways to the ET and other cationic CTS. Here charge order is again found adjacent to SC, for example
in EtMe3P[Pd(dmit)2]2. In all cases where a charge-order-to-SC transition occurs, and the charge order pattern is
known, it does not correspond to a Wigner crystal; rather the charge order pattern · · · 1100 · · · is common among
these materials, and there occur spin gaps at low temperature. Finally, in general Tc decreases with increasing pres-
sure, inconsistent with the prediction of BCS theory. We return to the theoretical interpretation of these observations
in the next Section.
6. Broken symmetries in quasi-two dimensional CTS, Theory
There is by now strong evidence that SC in the organic superconductors cannot be described by BCS theory and
that any successful theory must incorporate the effect of e-e interactions from the beginning (see Reference [494] for
a review of failures of the BCS model in the context of the CTS superconductors). In this Section we first review the
most popular theories proposed to explain SC in the CTS. We review numerical results for 2D systems at ρ = 1 and
argue that understanding SC in the CTS requires going beyond concepts derived from the RVB theory or theories of
spin-fluctuation mediated SC. We further present a VB theory of SC that is unique to ρ = 12 , that is inspired by the
RVB theory but that is also substantially different (even as it has conceptual overlaps with VBS-to-SC theories). We
present results of ρ-dependent numerical calculations of superconducting pair-pair correlations that strongly support
our VB theory.
Strongly correlated theories of SC in the CTS. Correlated-electron theories of SC were largely born out of efforts to
explain SC in the high Tc cuprates. Broadly speaking, one can distinguish between two different classes of theory.
The first class emphasizes site-diagonal density waves, AFM/SDW, and CDW, as the mechanism for pairing. Within
these approaches, SC pairing is mediated by the coupling of charge carriers with fluctuations or excitations out of the
density wave. Within the second class of theories, SC emerges out of a proximate spin-singlet semiconductor. In the
context of the cuprates this second theory has been known as the RVB theory. Our theoretical approach belongs to
this class and is based on VB theory but is yet substantially different from the RVB theory.
Class I theories. In the case of theories of AFM-driven SC the excitations exchanged between charge carriers are
spin fluctuations or magnons. This approach has been widely used in the context of the cuprates, usually within the
model of a weakly doped Mott-Hubbard semiconductor. In its application to the CTS, a pressure-induced increase
in lattice frustration drives SC within the effectively 12 -filled band κ-phase CTS. The chief conceptual difficulty with
spin-fluctuation mediated pairing is that unlike in BCS theory, where the phonons that lead to an attractive interaction
between electrons are physically distinct particles from the electrons, the AFM fluctuations assumed to bind electrons
into Cooper pairs are themselves generated by the same electrons. Most theoretical calculations in this class of theories
are based on mean-field theory. It is however questionable as to whether the problem can be reduced to weak coupling
by the separation of magnetic and charge degrees of freedom. From the perspective of experiments, it is not clear
whether the pseudogap in either the cuprates or the organics (see Section 5.1.1) can be explained within this approach,
although it is claimed that dynamical cluster approximation (DCA) results prove that there is a pseudogap within the
Hubbard model [495–497]. Recent experimental work on the cuprates (see Section 6.3.4), in particular the finding
of a CO phase within the pseudogap phase, are extremely difficult to explain within a weakly doped Mott-Hubbard
semiconductor picture.
56
R. T. Clay, S. Mazumdar / Physics Reports 00 (2018) 1–106 57
In the context of the 2D CTS, there are far more materials that exhibit a CO to SC transition than an AFM to SC
transition (see Sections 5.1 and 5.2). In spite of this, the bulk of theories have emphasized the 12 -filled Hubbard model
and the AFM state found there. It has also been proposed that charge rather than AFM fluctuations mediate SC in
certain CTS superconductors, and that SC may be found adjacent to WC CO driven by the NN Coulomb interaction
V in a 14 -filled model [498]. Here it is assumed that charge carriers couple to “charge fluctuations” of the WC [498],
although unlike magnons there is no equivalent theory or experimental signature of the collective excitations out of
a WC. In this theory, the application of a slave-boson transformation to Eq. 5 in the limit of large U replaces the
electron creation operator c†i,σ with the product of two operators f
†
i,σbi, where f
†
i,σ represents a fermion and bi a boson
associated with the electron charge [498]. The bosons introduced in this manner are coupled to the fermions, which
is argued to produce SC. We will point out however in Section 6.2 that in the CTS that display a transition from CO
to SC, the CO phase is in fact not a WC.
Class II theories. In this class of theories, SC is assumed to result from the destabilization of a spin-gapped or spin-
liquid insulating state. Anderson proposed that a strongly correlated system could best be understood in a valence
bond basis of spin-paired carriers [39, 499]. At large U and ρ = 1 the Hubbard model reduces to the S = 12 Heisenberg
spin Hamiltonian with exchange constant J ∝ −t2/U. Here the energy of a pair of spins in a singlet state is − 34 J while
the classical energy of two anti-parallel spins is − 14 J. Thus, in a 1D ρ = 1 system where each site has two nearest
neighbors, the spin-paired SP state is lower in energy than an antiferromagnetically ordered state. A given spin
can only be in a singlet bond with one neighbor, which limits the energy gain per site in the singlet valence bond
state. Once the number of neighbors is large enough (for example the square lattice with four nearest neighbors),
the AFM state becomes lower in energy than the valence bond singlet state. Anderson and Fazekas proposed a RVB
wavefunction consisting of a superposition of valence bonds as a variational wavefunction for the Heisenberg model
on the triangular lattice [39, 499]. The actual ground state however, turned out to not be a singlet, but rather the 120◦
AFM state [237–241]. The idea remained however, that the ρ = 1 system with large U must be close to a spin-gapped
RVB state.
Doping the 12 -filled band square lattice destroys the AFM. Anderson further proposed that in this case the RVB
state would become the ground state, and that this would be a superconductor [40]. In theories of RVB SC applied to κ-
(ET)2X, the assumption is made that the same or somewhat modified theory applies to a 12 -filled anisotropic triangular
lattice of BEDT-TTF dimers, where the controlling parameter responsible for destroying AFM is lattice frustration
rather than doping (see below). Such a theory in principle naturally explains preformed pairs in the pseudogap phase
of the cuprates [500, 501] and probably also in the CTS. There are several problems however: first, no singlet state has
been seen in calculations on the 12 -filled model. Second, we show below that numerical studies on frustrated lattices in
general find no SC either in the 12 -filled band. The most difficult experimental observation to explain is how to extend
the ρ = 1 RVB theory to account for those CTS where a CO to SC transition is seen. This same problem has become
relevant in the context of the cuprates since the discovery of CO phases [4]. Some authors have proposed the concept
of a WC of Cooper pairs [43, 44, 502–504, 504–507]. The attractive feature of this idea is that it can explain both
the presence of preformed pairs (giving the pseudogap) and an apparently competing phase (CO). The key problem
however is that the precise nature of such an ordered state remains unknown.
The idea of SC emerging from a proximate spin-singlet has nevertheless remained popular. For instance, it has
been proclaimed by multiple authors that SC emerges from a 2D SP state [508, 509]. The problem is that once again
no such SP state in 2D is known. The only case where interactions give a ρ = 1 S = 0 singlet state outside 1D
are even-leg ladders. For doped two-leg ladders numerical studies using DMRG do find dominant superconducting
correlations [510, 511]. Theories of ladders however cannot be extended to 2D. To the best of our knowledge there is
no satisfactory theory of S = 0 in 2D except ours that we present below.
Our VB theory of SC. The basis of our theory is the observation that a PEC is particularly stable in frustrated ρ = 12
systems. The frustration destroys the WC of single electrons, as well as the AFM that may occur in strongly dimerized
ρ = 12 . The occurrence of the PEC in 2D uniquely at ρ =
1
2 can be understood physically. Only at the carrier density of
ρ = 12 such a paired CO, in which singlet pairs are separated by pairs of vacancies, is commensurate, conferring it the
exceptional stability that is necessary to dominate over both the metallic state as well as the WC of single electrons
driven by the NN Coulomb interaction V . In other words, at this density there exists a range of parameters where there
is a balance between the exchange energy gained from spin-singlet formation and the repulsive interaction between
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the electrons. Alternatively, this state is the equivalent of a 2D SP state, with nearly decoupled 1D insulating stripes
separated by stripes of vacancies (see Fig. 32(b) and below). We have called this paired WC the Paired Electron
Crystal (PEC). In analogy with theories of VBS-to-SC transitions, we believe that the spin-singlet pairs of the PEC
can behave as hard-core bosons, and the “melting” of the PEC, driven by further frustration or very weak doping, then
gives SC (the key difference between our work and proposed VBS-to-SC transition theories is that we will demonstrate
the transition to the PEC numerically). Note that the gain in kinetic energy from the crystal-to-fluid transition in such
a lattice of hard core bosons is largest when the number of bosons is exactly half the number of effective sites. This is
also ρ = 12 in terms of the electrons that constitute the spin-singlets. The chief advantage of our theory is that it has
the potential of explaining SC in all CTS within a unified approach, irrespective of whether the broken symmetry in
the insulating state is proximate to SC is AFM or CO.
In the next sections we present the results of precise numerical calculations to substantiate the above. We will
begin with calculations for the ρ = 1 Hubbard model, within which we show the absence of SC for any correlations or
frustration. Following this, we present numerical results demonstrating the PEC and correlation-driven enhancement
of superconducting pair-pair correlations uniquely for ρ = 12 .
6.1. Half-filled band
The simplest ρ = 1 model in the context of the 2D CTS superconductors is the Hubbard model on the anisotropic
triangular lattice with hopping integrals t and t′ (see the inset, Fig. 44(a)). This lattice becomes equivalent to the
simple square lattice when t′ = 0. We have performed exact calculations for the 4×4 periodic lattice, and Path Integral
renormalization group (PIRG) calculations for periodic 6×6 and 8×8 lattices, for t′=0.2, 0.5, and 0.8 [37, 38], whose
results are discussed below. The PIRG method is an unbiased method free from the fermion sign problem which
approximates the ground state wavefunction as a sum of Slater determinants [512]. Within each basis size PIRG is
strictly variational and variance extrapolation is used to remove the basis size bias [512].
6.1.1. Magnetic Phases
In the t′ = 0 limit AFM order is found in the ground state for all U > 0 as shown in the phase diagram in Fig. 44(a)
(for a comparison of different calculations of the phase diagrams see Fig. 16 of Reference [513]). As t′/t increases
frustration reduces the region of the phase diagram over which AFM dominates, which occurs for U > Uc with finite
Uc for t′/t > 0. At t′/t ≈ 0.5 a third phase enters, referred to as either a non-magnetic insulator (NMI) or QSL [515].
Compared to what is seen on finite size lattices, in the thermodynamic limit the NMI phase extends to a smaller U
[38, 515]. The PIRG method has been used by several authors to study the phase diagram of this model [38, 512, 514–
516]. These calculations find that the NMI phase extends for U as small as 4.0 at t′=0.5 [38]. PIRG calculations have
further shown that in the NMI phase there is no dimerization, plaquette singlet state, staggered flux state, or charge
order [516]. As shown in Fig. 44(b), the NMI phase also appears to be gapless. For these reasons the NMI phase was
proposed to explain the QSL behavior seen in κ-(ET)2Cu2(CN)3 [515].
In the isotropic limit (t′/t = 1) three successive phases are found as U increases [517]. For U < Uc1 ∼ 7.4t the
ground state is PM; for Uc1 < U < Uc2 ∼ 9.2t the ground state is the NMI; and for U > Uc2 the ground state is
a 120◦ Ne´el ordered state [517]. Recent variational Monte Carlo (VMC) calculations find a similar value Uc2 ∼ 8
[518]. As discussed in Section 5.1.1, 120◦ AFM ordering has not been observed experimentally in any CTS, despite
the existence of a wide range of t′/t for different X (see Table 3 in Section 5.1.1). The range of t′/t experimentally
investigated is further expanded by experiments under pressure. Assuming that the effective dimer model continues
to be valid for κ-(ET)2X for large U and t′/t ≈ 1, this implies that the effective dimer U must be less than about 9.
The region of the phase diagram for U ∼ Uc2 close to t′/t = 1 is difficult for numerical methods to access. Different
methods give somewhat different ground states in this region, involving 120◦ AFM, QSL, and AFM states [518–521].
Given that the effective U here is likely larger than that in κ-(ET)2X, it is unlikely that this region of parameters is
relevant for any 2D CTS.
6.1.2. Superconductivity: suppression of superconducting pair-pair correlations
Numerous mean-field, cluster DMFT, and variational calculations have suggested that d-wave SC occurs within
the ρ = 1 Hubbard model on the anisotropic triangular lattice (or on the related lattice with two frustrating diagonals)
usually near the boundary of the metallic and insulating phases [522–534]. In these works the mechanism of SC
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Figure 44. (color online) (a) Phase diagram of the ρ = 1 Hubbard model on the anisotropic triangular lattice [38]. Filled circles are finite-size
scaled values for the phase boundaries. At t′ = 0.8 the solid circle is an exact upper bound for the phase boundary, and the dashed circle shows the
expected finite-size scaled value. The lines linking the points are schematic guides to the eye. The dashed lines with arrows show the parameters
chosen for pair-pair correlation calculations (see Fig. 45). A 120◦ AFM phase not shown here exists for large U at t′ = 1 (see text). (b) Finite-size
scaling of the singlet-triplet gap for N site lattices using the PIRG method [514]. Circles, squares, and triangles are for parameters within the NMI
phase. Triangles are data for the the lattice with a single diagonal t′ bond as in panel (a) and others are for the lattice with two t′ bonds. The dashed
lines are fits to the data. Reprinted with permission from Ref. [514], c© 2006 The American Physical Society.
is assumed to be AFM spin fluctuations or RVB. A similar SC phase is also suggested for the related Hubbard-
Heisenberg model (see below).
Superconducting pair-pair correlations calculated numerically from unbiased methods provide a way to investigate
SC. We define singlet pair creation operators
∆
†
i =
1
Nν
∑
ν
g(ν)
1√
2
(c†i,↑c
†
i+~rν,↓ − c
†
i,↓c
†
i+~rν,↑), (11)
where g(ν) determines the pairing symmetry. For dx2−y2 symmetry, g(ν) = {1,−1, 1,−1} for ~rν = xˆ, yˆ,−xˆ,−yˆ, respec-
tively. For dxy symmetry, g(ν) = {1,−1, 1,−1} for ~rν = xˆ + yˆ,−xˆ + yˆ,−xˆ − yˆ, xˆ − yˆ, respectively. Nν is a normalization
factor, with Nν = 2 for a superposition of four singlets. The equal-time pair-pair correlation function is then defined
as
P(r) ≡ P(|~ri − ~r j|) = 〈∆†i ∆ j〉 (12)
Two criteria must be satisfied in the ground state for SC to exist: First, the pair-pair correlations must extrapolate
to a finite value at long range (r → ∞). Using currently available unbiased methods it is unfortunately not possible
to perform a full finite-size extrapolation of pair-pair correlations. Second, if the SC pairing is to be driven by e-e
interactions, the pair-pair correlations must be enhanced over their U = 0 value. This second criterion can be tested
with precise calculations of pair-pair correlations. We show below the results of 4×4 exact and up to 8×8 PIRG
calculations.
Exact diagonalization calculations on a 4×4 lattice at ρ = 1 show that the second criteria is not met for any value of
U and t′, excluding very short-range correlations: P(r) decreases monotonically with U in all cases [37]. Early PIRG
calculations suggested that at least for U < 4 pair-pair correlations did not show long-range order [515]. Reference
[38] calculated pair-pair correlations using an improved method, QP-PIRG, that includes space and spin symmetries
that significantly improve the accuracy [535]. Fig. 45 shows results for t′ = 0.5 for up to 8×8 lattices [38]. Fig. 45(a)-
(b) show a discontinuous drop in the double occupancy and bond order along the diagonal bond direction, which
indicates the transition from the PM to AFM state as U increases. Fig. 45(c) shows the long-range dx2−y2 pair-pair
correlation versus U, which decreases monotonically with U with a further drop at the MI transition. Fig. 45(d) plots
∆Pd(r,U) = Pu(r,U) − Pu(r,U = 0). Except for the very short range region, the pair-pair correlation function is
always smaller for nonzero U than at U = 0. Results for other values of t′ are similar [38]. It is important to note
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Figure 45. (color online) QP-PIRG results for the ρ = 1 Hubbard model on the anisotropic triangular lattice with t′=0.5 [38]. Circles, squares, and
diamonds are for 4×4, 6×6, and 8×8 lattices, respectively. (a) Double occupancy D (b) t′ bond order B′ (c) dx2−y2 pair-pair correlation Pd(r?) for
the next-to-furthest distance r? on each lattice (d) enhancement of pair-pair correlations over the non-interacting system as a function of distance r
for U = 4.5.
that the pair-pair correlations are trivially enhanced by U for the r = 0 point, and for some parameters for r = 1 (see
Fig. 45(d)). At such short distances however, the pairs physically overlap. In particular, at r = 0 the dx2−y2 pair-pair
correlation function reduces to a linear combination of spin and charge correlations [536]. The increase of the anti-
parallel spin correlation in the AFM state causes the r = 0 dx2−y2 correlation to increase [38, 536]. This short-range
increase with U does not imply true SC but is perhaps the reason why mean-field or cluster DMFT methods find SC.
VMC calculations provide one way to investigate larger lattices. However, in VMC a specific form of the wave-
function must be assumed, and there is no way to assess the accuracy of the assumed functional form besides the
comparison of the variational energies. Even with small differences in the variational energy there can be large dif-
ferences in correlation functions. Some VMC calculations have claimed SC within the ρ = 1 model [529, 530], but
several more recent calculations have not found SC [518, 537]. It is of particular note that the authors of Reference
[530] after improving their trial wavefunction found that SC was no longer favored [538]. Similarly, other groups
using VMC also found that the tendency to SC went down after improving their wavefunctions [518, 537].
Due to lack of space we have not discussed the lightly doped half-filled model (ρ / 1), where many of the
same issues regarding SC exist. Recently several authors using the VMC [539–541] and DCA [496] methods have
suggested that SC is present in the Hubbard model for ρ ∼ 0.8 only when U > Uc, with Uc ∼ 4–6 t. While our PIRG
calculations are limited to U ≤ 6t, we remark that in exact diagonalization calculations for the ρ = 1 Hubbard model
on the anisotropic triangular lattice [37], there was no sign of any enhancement of SC at large U; pairing correlations
continued to decrease with U up to the largest values of U considered, U ∼ 20t. Furthermore, we note that recent
DMRG calculations for the Hubbard Hamiltonian with ρ = 0.875 on cylinders of width 4 and 6 sites found that pairing
correlations decay exponentially with distance even for U as large as 8t [542].
6.1.3. ρ = 1 U-t-J models
It has been claimed that the mean-field treatment of the simple Hubbard model does not correctly describe AFM
(spin-spin) correlations, but a mean-field treatment of Hubbard-Heisenberg (U-t-J) model does [543–547]. The U-t-J
model includes an additional interaction between electron spins of the form Ji j
∑
〈i j〉 ~S i · ~S j, with Ji j an independent
interaction from the Hubbard U. Proponents of this model find SC within a wavefunction obtained by a Gutzwiller
projection on a BCS wavefunction, which is a wavefunction of the RVB form [543, 544]. Other methods used
to treat this model include slave-rotor theory, which finds a region of VBS order in addition to metal, QSL, and
superconducting phases [548]. The authors proposed that the calculated VBS order explained the observed CO in
EtMe3P[Pd(dmit)2]2 (see Section 5.2.2).
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Exact calculations within the U-t-J model again show no sign of enhancement of pair-pair correlations over the
noninteracting results [549]. No tendency towards VBS order was found either [549]. The AFM region of the phase
diagram of Fig. 44(a) gets broader for J , 0 but no SC emerges. If VBS order is present in the U-t-J model, it
would also be expected to be found with greater tendencies in the pure Heisenberg model on frustrated lattices. The
most recent large-scale numerical results for the J1-J2 Heisenberg model do not find any evidence for a VBS phase
[550, 551]. This strongly suggests that the “valence-bond” insulator phase in EtMe3P[Pd(dmit)2]2 (see Section 5.2.2)
requires a quarter-filled description in order be understood. This last observation is in agreement with the latest work
of Yamamoto et al., who have concluded that this material should be considered a 14 -filled band system [487]. We
consider the properties of 14 -filled band systems in the next Section.
6.2. Quarter-filled band
Since SC is found in the CTS at fixed carrier concentration ρ, and since in the previous subsection we have already
seen that the effective 12 -filled model does not give enhanced superconducting correlations, the only choice is then to
investigate the interacting 14 -filled band. We have already argued against the idea of charge fluctuation-induced SC
[498], as such fluctuations out of the WC are simply not defined. Another approach taken by several authors is to
argue that the basic principle of spin-fluctuation (Class I theories above) mediated SC in the 12 -filled band is correct,
but that incorporating the actual bandfilling and crystal structure of the 2D CTS is necessary to reproduce details of the
superconducting state, such as the pairing symmetry or location of nodes of the order parameter [218, 299, 552–554].
We do not see, given the failures of the spin-fluctuation approach we have pointed out above in the 12 -filled model,
how any modification of this approach can lead to a successful theory of correlated electron SC. Going beyond the
spin-fluctuation model leaves the idea of SC emerging from spin singlet VB states as the only option. In the rest of
the section we show how such a state emerges in the interacting 14 -filled band.
6.2.1. Coupled spin-singlet and charge order at ρ = 12
In Section 3 we showed the occurrence of the stable BCDW-I and II states in the interacting 1D 14 -filled band.
These states are the natural 2kF states in 1D, but can also be thought to emerge because of the strong tendency to
form spin singlets in the 14 -filled band, where the periodic arrangement of the spin singlets is stabilized because
of the high order commensurability of BCDW. There is a natural tendency to have co-operative charge migration
and spin-singlet formation in the 14 -filled band. In Fig. 46 we consider two coupled dimers with two electrons.
The wavefunction for large U can be written as 12 |1010 + 1001 + 0110 + 0101〉. As the bond coupling the dimers
(dashed line in Fig. 46(a)) is turned on, the energy of the configuration 0110 is lowered relative to the other three, via
antiferromagnetic superexchange. We assume here that the relevant Hamiltonian is the EHM (Eq. 5) with V < Vc so
that the Wigner crystal WC CO is of higher energy (for the triangular lattice with isotropic V , the classical energies
of the PEC and WC of single electrons are equal, and upon taking into account the quantum effects due to electron
hopping this statement is trivially true [122]). The stronger contribution by 0110 to the overall wavefunction, leads to
charge disproportionation between the outer and inner sites in Fig. 46(a). The same effect also takes place between
the coupled dimers in the lattice of Fig. 46(b). Fig. 46 shows the resulting ∆n calculated for both 4-site systems for
U = 4 and V = 0 as a function of t′, the bond coupling the two dimers. As t′ becomes stronger ∆n increases.
An extended system that shows a broken symmetry very similar to the 4-site square cluster of Fig. 46(b) is the
zigzag ladder of Fig. 47 [34, 127]. This lattice has two different bonds with t1 along the rung (zigzag) direction of the
lattice and t2 along the rail direction. The zigzag ladder is also of interest at ρ=1, since for t2 ≥ 0.25 t1 the ground
state is a valence bond solid [555, 556]. We have shown that a coexisting CO-singlet occurs at ρ = 12 for t2 < 1.707t1.
(see Fig. 47) [34, 127]. The energy dispersion in the noninteracting limit is
E(k) = −2t1 cos(q) − 2t2 cos(2q), (13)
where q refers to a wavenumber defined along the t1 direction. The topology of the bandstructure for ρ = 12 changes
when t2/t1 = (t2/t1)c = (2 +
√
2)/2 = 1.707. For t2/t1 < 1.707 . . . there are two points on the Fermi surface,
while for t2/t1 > 1.707 there are four. In the presence of e-p coupling a Peierls distorted state therefore occurs when
t2/t1 < 1.707, and as in the pure 1D case this distorted state has · · · 1100· · · CO.
The distorted state in the zigzag ladder is shown in Fig. 47(b). The bond pattern along the zigzag direction is the
same as that of BCDW-II in the purely 1D case, with the strongest bond between the two large charges [34]. This
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Figure 46. Charge difference ∆n as a function of the hopping t′ for 4-site clusters. The intradimer (double line) bonds have strength t1 = 1.5 and
the single bonds in (b) are t2=0.5. The dashed line has strength t′. Interaction parameters in 5 are U=4 and V=0. Filled and empty circles are sites
with charge densities 0.5+ ∆n2 and 0.5-
∆n
2 , respectively. Solid (dashed) curves are for clusters (a) ((b)) [125].
distorted state continues to exist in the presence of e-e interactions, with the same bond and charge distortion pattern
[34, 127]. As in the 1D BCDW-II, the amplitude of charge order can be quite large, accompanied by a large spin gap.
Fig. 47(c) shows the finite-size scaled spin gap ∆σ as a function of the charge disproportionation ∆n for the zigzag
ladder, compared to a 1D chain with the same U and V . In the calculation of Fig. 47(c) the unit of energy is taken
as the average hopping integral along the zigzag direction, t1+t22 . In these calculations charge order was externally
imposed by adding a term
∑
i i(ni,↑ + ni,↓) to Eq. 5, with the sign of i chosen to produce the CO pattern shown in
Fig. 47(b). In the comparison 1D system the CO is · · · 1100· · · and the bond pattern was BCDW-I. The resulting spin
gap ∆σ is plotted as a function of the resulting ∆n. ∆σ is found to be considerably larger in the ladder than in 1D for
the same CO amplitude.
Importantly, the bond distortion in the ladder remains that of BCDW-II even for strong e-e interactions (U=6 and
V=1 in Fig.47(c)), as compared to 1D where the pattern is BCDW-I (see Section 3.3.2). This is the reason the spin
gap is large in the zigzag ladder. Large spin gaps can be expected in ρ = 12 CTS with zigzag ladder crystal structures.
Similar to quasi-1D ρ = 12 CTS that show the BCDW-II distortion [130], a single coupled charge-bond-spin-gap
transition would be expected in the zigzag ladder [34]. While not many CTS are known experimentally that have the
zigzag structure, one example are the (DTTF)2M(mnt)2 series [557], where large spin gaps are found experimentally:
TSG ∼ 90 K for M=Cu and ∼ 70 K for M=Au, respectively [558].
t1
t2
(b)
(a)
Figure 47. Zigzag ladder lattice with ρ = 12 (a) The ground state with t2/t1 > 1.707 has uniform charges and bonds (b) For t2/t1 < 1.707 the ground
state is a PEC with bond order of the BCDW-II type along the zigzag direction. (c) Finite-size scaled spin gap ∆σ for t2/t1 = 1.43, U = 6, and
V = 1 versus ∆n for the zigzag ladder (filled symbols) and in a 1D chain with the same U and V (open symbols). The inset shows the finite-size
scaling for the zigzag ladder with | |=0.3. The unit of energy is taken as the average hopping integral along the zigzag direction (see text) [127].
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Figure 48. (color online) PEC formation in a 4×4 lattice [124]. (a) OBC and (b) PBC lattices for t′ < t′c. Double bonds and thick lines indicate
strong bonds; thin lines are weak bonds. Dashed lines indicate diagonal bonds whose strength is varied. Small, large, and uniform charge densities
are indicated by white, black, and gray circles, respectively. (c) and (d) PEC state for t′ > t′c. Numbers correspond to the chain indices in Fig. 49.
Boxes mark the site 2 of chain 1; spin-spin correlations between this site and other chains are shown in Fig. 49 [124].
6.2.2. Paired Electron Crystal in two dimensions
The absence of a spin-singlet phase in the phase diagram of Fig. 44, and the suppression of superconducting pair-
pair correlations in the frustrated 12 -filled band Hubbard model are related. There is simply no evidence for either the
proposed RVB state, or a VBS state that is driven by lattice frustration at ρ = 1 (Given the tendency to form the 120◦
AFM at large t′, it may be argued that there is no physical reason why such a singlet state should form at all.). Yet
the concept of mobile nearest neighbor singlets being the equivalents of Cooper pairs in configuration space remains
attractive. Theoretical work on both rectangular [559] and zigzag [555, 556] ρ = 1 ladders suggests that singlet
formation, instead of being driven by lattice frustration, can be due to “effective one-dimensionalization” within a 2D
lattice. The only way to have this in an extended lattice is to have ρ , 1, where the one-dimensionalization is due to
formation of segregated stripes of sites occupied by charge carriers. This is a form of charge-ordering and will not
occur at arbitrary ρ: for ρ ≈ 1 it is impossible for an “occupied” site to not have more than two neighbors, while for
ρ very small the kinetic energy of individual carriers will overwhelm the gain in exchange energy that drives local
singlet formation. The optimum concentration is exactly ρ = 12 , where one can visualize occupied and unoccupied
stripes perfectly alternating, thereby conferring commensurability driven stability to the structure. Furthermore, we
will show in this section that in the presence of geometric lattice frustration such a striped structure is simultaneously
a PEC, in which pairs of singlet-bonded sites are separated by pairs of vacant sites. In the presence of e-p coupling
the insulating striped structure undergoes lattice distortion that also resembles a 2D SP state, which we have already
pointed out has in the past been thought to be behind correlated-electron SC [508, 509]. We have termed this charge-
ordered state as the Paired Electron Crystal (PEC). It was shown that in the context of the interacting continuous
electron gas, a PEC state has a variational energy that is lower than that of the WC [560, 561]. The PEC we describe
below gains additional energy over the continuum case due to the lattice commensurability at ρ = 12 .
We first summarize the results of our calculations, after which we present further details. The Hamiltonian is
H = −
∑
ν,〈i j〉ν
tν(1 + αν∆i j)Bi j +
1
2
∑
ν,〈i j〉ν
Kνα∆
2
i j
+g
∑
i
vini +
Kg
2
∑
i
v2i + U
∑
i
ni↑ni↓ +
1
2
∑
〈i j〉
Vi jnin j. (14)
In Eq. 14 the sums ν run over three lattice directions in two dimensions, xˆ, yˆ, and xˆ − yˆ. Bi j = ∑σ(c†iσc jσ + H.c.),
αx, αy, and αx−y are the intersite e-p couplings. Unless denoted otherwise we choose αx = αy ≡ α and αx−y = 0.
Kxα = K
y
α = K
x−y
α ≡ Kα is the corresponding spring constant, and ∆i j is the distortion of the i– j bond, to be determined
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Figure 49. (color online) Correlation functions from exact 4×4 lattice calculations corresponding to Fig. 48 [124]. Chain indexing is shown in
Fig. 48. (a) Z-Z spin correlations between site 2 on chain 1 (marked with a box on Fig. 48) and sites on chains 2, 3, and 4, for t′ = 0 (b) same as
(a) except t′ = 0.7. (c) Spin-spin correlations between sites that are members of the most distant dimers (d) difference in charge density between
charge-rich and charge-poor sites. (e) bond orders between nearest neighbor sites in the indicated directions. In all panels, circles and squares
correspond to OBC and PBC calculations, respectively. In (e) bond orders for other directions in the PBC calculations are shown with additional
symbols [124].
self-consistently; vi is the intrasite phonon coordinate and g is the intrasite e-p coupling with the corresponding spring
constant Kg. We assume the simplest form of frustration, with a bond strength t′ in the xˆ − yˆ direction on a square
lattice. However, we begin here with the simple, unfrustrated, square lattice (t′ = 0 and Vx−y = 0) limit of Eq. 14.
In this case two different semiconducting states are possible: in-phase dimerized AFM with all site charge densities
equal (see Fig. 48(a) and (b)) and for sufficiently large Vx and Vy, the WC with checkerboard site occupancies. These
two insulating phases are mutually exclusive. We choose parameters that give AFM in the weakly frustrated limit, as
in 2D CTS with experimentally observed AFM lattices are universally dimerized. Fig. 48 shows schematically the
results of exact ground state calculations on 4×4 lattices with two different boundary conditions, open (OBC) and
periodic (PBC). Both are periodic along x and y directions, but the OBC (PBC) is open (periodic) along x − y with
12 (16) t′ bonds. For both boundary conditions we find a frustration-driven AFM-PEC transition as we increase the
strength of the frustrating hopping t′. For the OBC we take αν = g = 0 in Eq. 14; in order to have AFM order at t′ = 0
here we incorporate intrinsic dimerization tx = t ± δt as indicated in Fig. 48(a). For the PBC lattice, lattice distortion
is not assumed but results from the e-p interactions. Spin-spin correlations, charge densities and bond orders for the
PBC are obtained self-consistently [124].
In Fig. 49 we show numerical results that prove the AFM–PEC transition indicated in Fig. 48. These results are
for U = 4, Vx = Vy = 1,Vx−y = 0 within Eq. 14, where the undistorted hopping integral in the x direction (tν of Eq. 14
with ν = x) is taken as the unit of energy. For the OBC lattice δt = 0.2 and αν = g = 0 as described above, and for
the PBC αx = 1.3, αy = 1.0, αx−y = 0, Kxα = K
y
α = 2, g = 0.1, and Kg = 2. In Fig. 49(a) we plot the z-z spin-spin
correlation functions for t′ = 0 between a fixed site (marked with box on each lattice in Fig. 48) and sites j, labeled
sequentially 1, 2, 3, 4 from the left, on neighboring chains labeled 2, 3, 4 in Fig. 48. In Fig. 49(a) only, the average
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Figure 50. (color online) Charge order amplitude ∆n ((a) and (c)) and singlet-triplet gap ∆ST ((b) and (d)) for the 4×4 lattice as a function of t′.
Circles, squares, diamonds, and triangles are for U=2, 3, 4, and 6, respectively. For all α = 1.1, g=0.1, and Kα=Kg=2. In panels (a) and (b),
Vx = Vy = V′=0, and in panels (c) and (d), Vx = Vy = 1 and V′=0. The average (undistorted) hopping integral in the x direction is taken as the unit
of energy [125].
spin-spin correlation with each chain has been shifted to zero (note dotted line for 〈S z2S zj〉 = 0 in Fig. 49(a)-(b)) in
order to clearly show the AFM pattern, which is clearly · · · − − + + · · · and · · · + + − − · · · , indicating Ne´el ordering
of the dimer spin moments in both lattices. The loss of this pattern in Fig. 49(b) for large t′ = 0.7 indicates loss of
AFM order. In Fig. 49(c) we plot the spin-spin correlation between maximally separated dimers, which measures
the strength of the AFM moment. This correlation is nearly constant until t′c ∼ 0.5, beyond which the AFM order is
destroyed.
Fig. 49(d) shows ∆n as a function of t′. There is a rapid increase in ∆n, starting from zero, for t′ > t′c with both
lattices. Simultaneously with CO, there is a jump in the bond orders 〈Bi j〉 between the sites that form the localized
spin-singlets. This is shown in Fig. 49(e). These bond orders are by far the strongest in both lattices for t′ > t′c. The
spin-spin correlation between the same pairs of sites becomes strongly negative at the same t′, even as all other spin-
spin correlations approach zero (Fig. 49(b)), indicating spin-singlet character of the strongest bonds. The simultaneous
jumps in 〈S zi S zi+R〉, ∆n, and Bi j at this same t′ give conclusive evidence for the AFM-PEC transition shown in Fig. 48.
Figs. 50(b) and (d) show the singlet-triplet gap ∆ST compared with ∆n, for the 4×4 lattice with periodic boundaries
and V = 0 ((a) and (b)) and V , 0 ((c) and (d)). Although ∆ST is nonzero for all values of t′ (as expected in a finite-size
lattice), the spin gap increases sharply in the PEC state for t′ > t′c. The increase of ∆ST between the AFM and PEC
states is also proportional to the amplitude of the distortion ∆n as expected.
In the PEC the CO pattern is · · · 1100· · · in two of three lattice directions, xˆ and (−xˆ + yˆ) in Fig. 48(d), and yˆ and
(xˆ + yˆ) in Fig. 48(c). In the third direction the CO pattern is · · · 1010· · · . The singlets that coexist with the CO are of
the interdimer type as is found in BCDW-I in 1D, and the bond order pattern found here is the same SWSW′ pattern
(note that in Fig. 48 distortions of the dashed t′ bonds are not indicated). The results here are for the ground state only.
As in 1D (Sections 3.2.1 and 3.3) it is possible that the charge and bond distortion may occur at a higher temperature,
with the SG only opening at a lower temperature. We discuss this further in relation to 2D CTS below.
Fig. 51 shows how e-e interactions U and V affect the PEC [125]. As shown in Fig. 51(a), increasing U moderately
increases t′c. The points not plotted for larger U indicate that a finite e-p coupling is required for the PEC state, which
is expected due to the finite-size gap in this small lattice. Fig. 51 shows the effect of the NN Coulomb interaction V .
Here the phase diagram depends critically on the form assumed for Vi j. With Vx = Vy = V but V ′ = 0, the WC is
found for sufficiently strong V , along with a narrow region where it coexists with a SG (Fig. 51(b)). The very narrow
width of the WC-SG phase in the figure indicates the small likelihood of the WC coexisting with SG in real materials.
Equally importantly, most CTS lattices are partially triangular, and the assumption that V ′ = 0 is not realistic. For
Vx = Vy = V ′ the WC and the PEC have the same classical energies; as shown in Fig. 51(c) in this case the WC is
completely replaced by the PEC.
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Figure 51. Ground state phase diagrams from self-consistent calculations of Eq. 14 on periodic 4×4 lattice, showing AFM and PEC phases [125]
For all plots g=0.1 and Kα = Kg = 2. (a) Phase diagram as a function of t′ and U. Squares are the AFM-PEC phase boundary for α = 1.1 and
Vx = Vy = V′ = 0. Diamonds are for α = 1.1, Vx = Vy = 1, and V′ = 0. Circles are for α = 1.2, Vx = Vy = 1, and V′ = 0. Filled (open) points
correspond to positive (negative) t′. For U values where no points are plotted, the lattice was undistorted. (b) Phase diagram for Vx = Vy = V and
V′ = 0 with U = 6 and α = 1.1. WC and WC-SG are Wigner crystal of single electrons and the coexisting single electron Wigner crystal-spin-gap
phases, respectively. (c) Same as (b), except V = Vx = Vy = V′.
6.2.3. Paired Electron Crystal in quasi-two dimensional CTS
Evidence for the PEC with CO, bond order, and spin gap, has been found experimentally in many 2D CTS. CO by
itself does not necessarily imply that the PEC is present. As discussed in the previous section, the pattern of charge
order in the PEC is distinct from that of the WC; in the PEC pattern there are NN charge-rich sites which are not
present in the WC. The frustrated crystal lattice in all of the 2D CTS have significant inter-molecular hopping in
three different lattice directions. Using the principle that in two lattice directions the CO pattern is · · · 1100· · · while
· · · 1010· · · in one direction, the predicted pattern for different CTS lattices can be derived. However, even if the exact
pattern of CO is not known, a period four lattice distortion occurring in a 2D crystal indicates PEC formation. This is
because the competing CO state, the WC, does not coexist with a bond distortion. Similarly, a spin gap is a convincing
signature of the PEC, even when accompanying CO has not been found. In contrast, only AFM can coexist with the
WC [562] (the AFM pattern here is however different from that in Fig. 48).
β, β′, and β′′ CTS. The largest group of CTS where the PEC has been found are the β, β′, and β′′ CTS. As dis-
cussed in Section 5.1.2, charge- and bond-ordered insulating states and spin gaps are frequently found adjacent to
SC. In cases where the CO pattern has been determined, it matches the pattern of Fig. 48 exactly. For example, β-
(meso-DMBEDT-TTF)2X is one well characterized example where the experimental CO and bond pattern is identical
(compare Fig. 27(a) and Fig. 48). Here the bond pattern along the stacking direction goes · · · SWSW′ · · · , exactly as
in BCDW-I [345]. The ground state of β-(meso-DMBEDT-TTF)2X in the ambient pressure insulating phase is also
spin gapped.
Although it is 14 -filled in terms of electrons rather than holes, EtMe3P [Pd(dmit)2]2 is another example of the PEC
with exactly the same CO and bond order pattern (see Section 5.2.2 and Fig. 41(b)). Again, under pressure, EtMe3P
[Pd(dmit)2]2 becomes superconducting. Kato et al. in their original work had referred to the CO in this system as a
valence bond solid, as would be expected in a 12 -filled band [563]. In their recent work [487] the authors find that a
1
4 -filled description is more appropriate.
In β-(ET)2ReO4 (Fig. 26(a)) and β-(BDA-TTP)2X (Fig. 26(b)) the PEC is found adjacent to SC. In both of these
CTS a period four lattice distortion and spin gap is found in the insulating state. Similarly, in the β′′ materials,
strong evidence for a PEC ground state exists: here a · · · 1100· · · CO pattern along the stacking direction has also
been determined from optical experiments [399]. CO coexisting with spin gap has also recently been found in β′′-
(ET)2Hg(SCN)2Cl [564].
Less is known about β′-(ET)2ICl2 in its phase adjacent to SC due to the high pressure required to access this
region of the phase diagram. It is clear however that the AFM state that exists at ambient pressure disappears under
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Figure 52. CO patterns and PEC in θ-(ET)2X. (a) vertical stripe (b) diagonal stripe (c) horizontal stripe. The horizontal stripe has charge occupancy
· · · 1100 · · · along the two p-directions with strong intermolecular coupling. (d) PEC within the horizontal stripe CO, which can be visualized as
repeated zigzag ladders [565]. Note that the bond dimerization along the vertical bonds (crystal c direction) is not shown here.
high pressure before the superconducting state, and a different form of insulating state enters above around 6 GPa (see
Fig. 28). Based on similarities with the β-phase CTS we predict that PEC-type CO and a spin gap will be found in the
insulating state adjacent to SC here as well. The phase diagram of β-Me4NPd(dmit)2]2 (Fig. 39) appears somewhat
similar, as here again the ambient pressure AFM is suppressed by about 0.4 GPa, before the SC region is reached.
Here and also in β′-Et2Me2P[Pd(dmit)2]2 (see also Fig. 39) we suggest that the phase adjacent to SC is the PEC.
θ and α CTS. In the θ (Section 5.1.3) and α (Section 5.1.4) CTS the most stable CO pattern is the horizontal stripe
(see Fig. 52). In θ-(ET)2 MM′(SCN)4 with MM′ = RbZn, the horizontal stripe CO transition temperature is 195
K, but the PEC with spin gap only appears at ∼ 20 K within the horizontal stripe CO. The appearance of CO at a
relatively high temperature without a spin gap suggests that NN Coulomb interactions (Vij) play an important role
in determining the pattern of CO [107, 122]. All of the CO patterns shown in Fig. 52(a)-(c) have identical energies
within the classical limit (assuming Vi j is identical in all three lattice directions). There is a key difference between
the vertical and diagonal stripes (Fig. 52(a) and (b)) and the horizontal stripe (Fig. 52(c)) however: in both the vertical
and diagonal stripes, the CO pattern is · · · 1010· · · in two lattice directions, as is true for the checkerboard WC on
the square lattice [122]. If mapped to a square lattice, both the vertical and diagonal CO patterns are identical to the
usual WC. Because of this, mean field (Hartree or Hartree-Fock) calculations tend to predict the vertical or diagonal
stripe patterns [107, 122]. In contrast, the horizontal stripe has CO patterns · · · 1010· · · in the direction of weakest
intermolecular hopping and · · · 1100· · · along the two directions with strong intermolecular hopping. The horizontal
stripe pattern thus gains additional stabilization energy because of the stronger tendency to spin-singlet formation.
The horizontal stripe CO is only found as a solution in mean-field calculations provided the dimerization along the c
axis (which only appears for T < TCO) is explicitly included [107]. This dimerization is a consequence rather than a
cause of the CO [122].
In order for the horizontal stripe CO to have a spin gap, a further symmetry breaking accompanying NN singlet
formation must take place along the direction of the stripe, as shown in Fig. 52(d). Within the horizontal stripe there
are two possible locations for NN singlets; in Fig. 32 the NN singlet pair could be located at either of the two bonds
labeled “p4” in the figure. This second symmetry breaking and the spin gap state occurs at ∼ 20 K in RbZn. The
horizontal stripe PEC in this case can also be visualized as being composed of coupled zigzag ladders (see Fig. 52(d))
[565].
Compared to RbM′, the CsM′ θ salts remain metallic to much lower temperature and have much more confusing
low-temperature behavior with short-range rather than long-range charge order (see Section 5.1.3). Diffuse X-ray
scattering is also found at several wavevectors in the CsM′ salts indicating a competition between several CO patterns.
This competition may be particularly important to understanding the unusual transport properties [566]. Several works
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Figure 53. (a) Exact diagonalization ground state phase diagram for the effective strong-coupling Hamiltonian for κ-(ET)2X of Reference [571].
tB, td , and Vq are the inter-dimer hopping integral tb2 , intra-dimer hopping integral, and n.n. Coulomb interaction, respectively (see Fig. 20). S+L
denotes a charge ordered spin liquid phase, L+S a spin ordered charge liquid phase, and L+L a charge-spin liquid phase. Reprinted with permission
from Ref. [571], c© 2010 The American Physical Society. (b) Finite-temperature phase diagram calculated within mean-field theory [572, 573].
t/t0 is the ratio of the inter- to intra-dimer hopping integral. Reprinted with permission from Ref. [572], c© 2010 The Physical Society of Japan.
by Hotta and collaborators have explored the competition between different CO states as a function of Vi j [567–
569]. A partially ordered “pinball liquid” phase was suggested to describe the unusual semi-metallic properties of
θ-(ET)2CsZn(SCN)4 [568, 570]. Further work focused on the effect of thermal fluctuations [569].
The PEC is also found in α-(ET)I3 (Fig. 33). Here the CO pattern is again the horizontal stripe with a coexisting
SG. Unlike θ-(ET)2X, the SG transition is at the same temperature as the CO (135 K). The presence of a single
combined CO/SG PEC transition in α as compared to θ may be due to the lower symmetry of the α crystal structure
and the presence of partial CO already above 135 K (see Figs. 25 and 33).
κ CTS. The stabilization energy the PEC gains from NN singlet formation will be less on the κ lattice due to the many
nearly degenerate ways of connecting NN molecules with singlet bonds [124, 125]. Because dimers of BEDT-TTF
molecules are nearly perpendicular to each other, any static insulating PEC state would be expected to be very weak
[124]. Nevertheless, some experimental evidence for an insulating PEC state exists for two κ phase CTS. Recent
experiments have shown that κ-(ET)2B(CN)4, which is more quasi-1D than most κ CTS, is spin-gapped below 5
K strongly suggesting a PEC ground state [222]. Raman scattering measurements were performed to 10 K, which
is above the spin-gap transition [222], leaving open the possibility of CO below 5 K. CO is explicitly found in
κ-(ET)2Hg(SCN)2Cl (see Section 5.1.1), although the pattern of CO has not been determined yet. The fairly low
TCO=30 K here suggests that the CO state has 1–0 charges within each dimer, rather than 1–1 and 0–0 dimer CO. So
far a spin gap at low temperature has not been found however.
A PEC-like CO pattern was suggested to explain the relaxor-like dielectric response found in κ-(ET)2Cu2(CN)3,
where CO within each dimer is the source of the dielectric polarization (see Fig. 5 of Reference [306]). Several the-
oretical works have proposed models based on a 34 -filled description with the goal of capturing the coupling between
dimer charge dipoles and inter-dimer spin interactions [571–573]. In these models a strong-coupling limit is assumed,
with only those states that have exactly one electron per dimer retained. While both groups found fluctuating charge
ordered phases approximating the PEC CO pattern predicted in Reference [124], the possibility of spin-singlet forma-
tion was not considered. Fig. 53(a) shows the ground state phase diagram of an effective model where the effects of
ti j and Vi j between dimers are treated perturbatively [571]. The phase diagram is governed by a competition between
V and the inter-dimer ti j [571]. The “S+L” phase has ordered charge dipoles on each dimer, and has the same CO
pattern as would be expected for a PEC state on the κ lattice (compare Fig. 1(d) of reference [571] with Fig. 4(c) of
reference [124]). The “L+S” phase on the other hand has AFM order but no CO; this is the conventional dimer-Mott
AFM state. A state with disordered charge and spin degrees of freedom is found at the boundary of these phases; this
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was proposed to apply to κ-(ET)2Cu2(CN)3.
Naka and Ishihara [572] developed a similar effective model for a dimerized 14 -filled lattice, with four states per
dimer and interactions between dimers treated perturbatively. The resulting model was studied under the mean-field
approximation and using classical Monte Carlo. Fig. 53(b) shows the mean-field phase diagram for this model on a
lattice appropriate for the κ CTS. As in Fig. 53(a), an increase of the ratio of inter- to intra- dimer hopping favors CO.
Two different possible scenarios were proposed to describe κ-(ET)2Cu2(CN)3 [572]. In the first, at high temperature
the system has no CO (Q:DM phase in Fig. 53(b)). CO occurs at low temperature, followed by a spin ordered CO state
at the lowest temperature. In the other suggested scenario, CO does not occur at low temperatures, with the system
staying in the unshaded phases of Fig. 53(b) as T decreases. However, due to proximity to the CO phases some charge
fluctuation features would be observed experimentally. The timescale of the dielectric constant experiments is much
longer than the expected fluctuation time of a single BEDT-TTF dimer; this suggests that in any case rather than
long-range PEC order, short ranged domains might exist in κ-(ET)2Cu2(CN)3, and it is these domains that fluctuate
rather than single molecules. The question of whether CO exists within a single dimer, or if CO exists but is smaller
than the limits (∆n = 0.01) set by optical measurements still remains [312].
As discussed in Section 5.1.1, in κ-(ET)2X AFM and metallic/SC regions are phase segregated at low temperature.
In Sections 6.2.4 and 6.2.5 below we will show that on the 34 -filled κ lattice superconducting pair-pair correlations
are enhanced by Coulomb interactions (U) in this metallic state. There we will propose that in the majority of κ phase
CTS, the ground state when not AFM is a Paired Electron Liquid (PEL) of singlets, which is either a superconductor
or a metallic state that is a precursor to SC.
6.2.4. Selective enhancement of superconducting pair-pair correlations at ρ = 12
The above results show that the PEC is a distinct phase in the correlated ρ = 12 systems and is actually observed
in 2D CTS with CO. In analogy with the conjectures built around the concept of a density wave of Cooper pairs
[43, 44, 502–504, 504–507], we have further proposed that SC will occur upon the destabilization of the PEC state
[16, 124, 125, 565, 574]. Note that this idea also has overlaps with the idea of SC emerging from a 2D SP state (which
we have emphasized does not exist at ρ = 1), as the dimerized horizontal stripes of Figs. 52(c) and (d) can be thought
of as weakly coupled SP stripes. In contrast to these other theories, we believe that the proposed density wave of
Cooper pairs is unique to ρ = 12 in 1D and frustrated 2D systems. With further increase in frustration, there occurs a
transition from the PEC to a Paired Electron Liquid, with mobile singlet pairs constituting the equivalent of Cooper
pairs. We have therefore studied in detail the superconducting pair-pair correlations on multiple frustrated lattices, as
a function of ρ, 0 < ρ < 1. In these calculations we do not explicitly include e-p interactions, with the result that the
insulating PEC of Figs. 48 does not occur.
While many previous calculations have examined superconducting pair-pair correlations for ρ ∼ 1, comparatively
few calculations exist for ρ = 12 on strongly frustrated lattices. We consider again the anisotropic triangular lattice
of Fig. 48, with t′ ∼0.8 [565]. We performed calculations on up to 10×10 lattices periodic in all three directions
with four different numerical methods (exact diagonalization, QP-PIRG [535], Determinantal Quantum Monte Carlo
(DQMC) [575], and Constrained Path Monte Carlo (CPMC) [576] [565]). These particular lattices were chosen using
several criteria, including the requirement that the noninteracting system be nondegenerate at ρ = 12 [565]. Results
from these calculations are shown in Fig. 54 and Fig. 55.
In order to compare different lattices and mitigate finite-size effects, we average the pair-pair correlations P(r) (see
Eq. 12) over all pair separations with distances r > 2 lattice spacings,
P¯ = N−1P
∑
|~r|>2
P(r), (15)
where NP is the number of terms in the sum. A similar averaged pair-pair correlation P¯ has been used in previous
studies of pair-pair correlations near ρ = 1 [529, 577]. In these calculations we found either dx2−y2 or dxy pairing
symmetries to dominate over s-wave pairing. Fig. 54 summarizes these calculations. Here P¯ is normalized by its
U = 0 value; P¯(U)/P¯(U = 0) > 1 indicates enhancement. As seen in Fig. 54, for every lattice we find that pairing
is enhanced only for ρ = 12 or one of two immediately adjacent available densities on that particular lattice. At all
other densities, pair-pair correlations weaken continuously with increasing U. The suppression of pairing in the range
0.75 < ρ < 1 is consistent with previous PIRG [38] results, and consistent with many calculations using DQMC
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Figure 54. (color online) Average long-range pair-pair correlation P¯(U) normalized by its noninteracting value versus ρ on the anisotropic triangular
lattice with tx = 1, ty = 0.9, and t′=0.8. The lattices and methods used are (a) 4×4 (exact), (b) 6×6 (QP-PIRG), (c) 10×6 (QP-PIRG), and (d)
10×10 (CPMC).
[578], CPMC [579, 580], and DMRG [542] that find suppression of pairing by U in the unfrustrated model for the
same density range. Ignoring the 6×6 lattice where P¯ is enhanced at exactly ρ = 12 , for all other lattices the ρ where
enhancement occurs becomes closer to ρ = 12 with increasing lattice size. On different lattices either dx2−y2 or dxy
pairing is enhanced by U; it would be expected in this highly frustrated lattice (t′ = 0.8 in Fig. 54 and 55) that the
optimum pair symmetry is a superposition of dx2−y2 and dxy. The effect of nonzero Vi j was also investigated for the
4×4 lattice [565]. With Vx = Vy = V ′ = V the magnitude of the pair-pair correlations decreases somewhat, but the
unique enhancement at ρ ∼ 0.5 remains [565].
Fig. 55 shows the results of finite-temperature DQMC calculations. Here the sign problem becomes severe at large
U, but low temperatures (an inverse temperature of β = 32) can be reached for U = 2. As seen in Fig. 55(a)-(d), with
decreasing temperature there is a progressive enhancement of P¯(U) for ρ ∼ 12 in the 6×6 lattice. Fig. 55(e) and (f)
show similar results for the 4×4 and 10×6 lattices. These results are in complete agreement with the PIRG results in
Fig. 54: the ρ at which the enhancement occurs is identical.
To the best of our knowledge, the above results are the only demonstrations to date of enhancement of ¯P(U) by
U for any lattice. The question remains as to whether the first criterion for SC given above is satisfied, e.g. do the
pair-pair correlations show long-range order at ρ = 12 ? Unfortunately, the results of Figs. 54 and 55 are not sufficient
to perform a finite-size scaling of P(r): the enhancement occurs at slightly different densities from ρ = 12 on different
lattices, and in different pairing symmetries. It is possible that larger lattices and an optimized superposition of dxy and
dx2−y2 pair symmetries would resolve these difficulties. If superconducting long-range order (LRO) is present at finite
U, P¯(U) would converge to a constant value as the system size increases while P¯(U = 0) would continue to decrease.
In this case P¯(U)/P¯(U = 0) would increase with increasing system size. Our finding that P¯(U)/P¯(U = 0) at its peak
value instead decreases with increasing system size (compare the y-axis scales on Fig. 54(a)-(d)) on the other hand
seems to suggest that long-range order is not present. The issue of the long range order is, however, complicated. We
discuss this further in Section 7.
6.2.5. Superconducting pair-pair correlations in the κ-(ET)2X lattice
The above results strongly suggest that SC is driven by e-e interactions uniquely at ρ = 12 . It is therefore important
to see if they persist on other lattices, and in particular for κ-(ET)2X, whose monomer lattice (see Fig. 20(a)) is signif-
icantly different from the simple anisotropic triangular lattice of Fig. 54. The first question is what is an appropriate
form for the pair wavefunction. In SC emerging from a charge ordered PEC state with strong e-e interactions, U for
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Figure 55. (color online) (a)-(d) P¯(U) for dxy pairing on the 6×6 lattice as a function of ρ and inverse temperature β, calculated using DQMC. P¯(U)
for ρ ≈ 0.5 is enhanced by U at low temperatures, while it is suppressed at other ρ. (e) P¯(U) for dx2−y2 pairing on the 4×4 lattice, and (f) P¯(U) for
dx2−y2 pairing for the 10×6 lattice [565]. The inset enlarges the density range near ρ ∼ 0.5.
holes on a single molecule will be strong. The dominant configurations in the wavefunction will still have one hole per
dimer, but while the charge densities are homogeneous in the configurations that give AFM, in the superconducting
state, which is spin singlet, the intradimer charge densities in dominant wavefunction configurations are necessarily
inhomogeneous, with singlet bonds between charge-rich sites on neighboring molecules (see Fig. 48). Fig. 56 shows
possible d-wave (i.e. with four nodes) symmetries constructed using this constraint. Each ellipse in Fig. 56 corre-
sponds to one term in the construction of ∆†i (Eq. 11) that creates a superconducting pair centered at dimer i [581].
The d1 symmetry consists of a superposition of four NN singlets, while the other symmetries (d2, d3, and d4) are a
superposition of 6 singlets. The nodes of these order parameters occur in different locations. For d1 they are aligned
with the crystal axes, but for the other order parameters one or both of the nodal lines are at an angle to the crystal
axes. The d1 symmetry is equivalent to the “dx2−y2 ” symmetry in the effective 12 -filled band model; d2 . . . d4 corre-
spond to mixed symmetries of s + dx2−y2 or s + dxy form. We also investigated s-wave pair symmetries, but found no
enhancement of s-wave pairing.
We performed calculations for the monomer κ-(ET)2X lattice as shown in Fig. 20(a) for two lattice sizes, 32 and
64 monomer sites. Calculations were done in the electron representation. As with the triangular lattice calculations
(Fig. 54) we performed the κ-lattice calculations for a wide range of ρ, even as only ρ = 1.5 corresponds to the
carrier density in the CTS. Both lattices used periodic boundary conditions, chosen so that the corresponding effective
dimer model would support Ne´el AFM order without frustration [581]. The 32 and 64 site lattices were arranged as
4×4 and 8×4 dimer lattices, respectively. The hopping parameters we used were taken from recent DFT calculations
of Reference [221]. We investigated two different sets of parameters, for the crystal structures of κ-(ET)2X with
X=Cu[N(CN)2]Cl and X=Cu2(CN)3, in order to assess the importance of AFM order to SC in κ-(ET)2X. We calculated
ground-state correlation functions with two different methods, QP-PIRG and CPMC. The CPMC was restricted to
only closed-shell configurations where it is more accurate [576]. As in the results of Section 6.2.4 we calculated the
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Figure 56. (color online) Pairing symmetries considered in Fig. 57. Here the thick lines correspond to BEDT-TTF dimers. Each ellipse surrounding
two sites indicates a singlet in the superposition of the pair creation operator ∆†i centered at dimer i. Blue, solid (red, dashed) singlets have opposite
signs [581].
average of long-range pair-pair correlations, P¯. Because ∆†i creates a pair centered at dimer i, we define the pair-pair
correlation function P(r) with the distance r measured in units of dimer-dimer spacing. The minimum distance cutoff
in Eq. 15 is again two in units of the dimer-dimer distance.
Fig. 57 summarizes the results of these calculations. Instead of P¯ we plot ΘP = [P¯(U)/P¯(U = 0)] − 1, which is
positive only if e-e interactions enhance the pairing. The strongest enhancement for both lattices (κ-Cl and κ-CN) is
found for ρ ≈ 1.5. The results in Fig. 57 show that as in the anisotropic triangular lattice, pairing is enhanced by e-e
interactions uniquely at or near quarter filling by holes, here at ρ = 1.5 [581]. The enhancement is strongest for the d2
symmetry, which notably is the only pair symmetry that shows any significant enhancement for κ-CN. We note that a
similar s + dx2−y2 order parameter was found in RPA spin-fluctuation calculations in a 34 -filled model [218, 299, 582]
and in a subsequent VMC calculation [583]. The nodes of the order parameter in the d2 symmetry (Fig. 56) are located
at an angle to the crystal axes [581].
Dimer-dimer AFM correlations can be measured by the dimer spin structure factor,
S (q) =
1
Nd
∑
j,l
eiq·(r j−rl)〈S zjS zl 〉,
where the sums run over all dimers in the system and Nd is the total number of dimers. S zj = n j1,↑ + n j2,↑ − n j1,↓ − n j2,↓
is the operator for the z component of the total spin on dimer j composed of molecules j1 and j2 and q the wavevector
defined in terms of dimer coordinates (the xˆ and yˆ axes of Fig. 20(a)) . Results for S (q) are shown in Fig. 58. For
κ-Cl (Fig. 58(a)), a clear peak at q=(pi, pi) is seen indicating the tendency to Ne´el AFM order. For κ-CN (Fig. 58(b))
this peak is absent as expected due to the strong frustration in the effective dimer lattice. The lack of peaks in S (q)
for κ-CN is consistent with the QSL behavior found in this salt. However, we find strong pairing enhancement in the
d2 symmetry for both κ-Cl and κ-CN, which would not occur in a ρ = 1 model of SC mediated by dimer-dimer AFM
fluctuations.
Finally, we present preliminary results for calculations of SC pair-pair correlations on the lattice of κ-(ET)2CF3SO3
(κ-SO3) [584]. κ-SO3 is unique among κ-(ET)2X superconductors for several reasons (see Section 5.1.1). First, this
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Figure 57. (color online) Enhancement factor ΘP (see text) versus electron density ρ for the long-range component of pair-pair correlations for a
3
4 -filled monomer model of κ-(ET)2X for four different pairing symmetries (see Fig. 56) [581]. Shaded (striped) bars are for 32 (64) site lattices
using QP-PIRG for 32 sites and CPMC for 64 sites; U = 0.5 eV for all results. Symbols ‘*’ and ‘#’ indicate densities not shown, for 32 and 64
sites, respectively, due to strong finite-size effects at these ρ that result in P¯(U = 0) ≈ 0. Panels (a)-(d) are for X=Cu[N(CN)2]Cl and (e)-(h) are
for X=Cu2(CN)3 [581]. We are ignoring the positive ΘP in panel (f) at ρ = 1.156. At this density, a discontinuous transition occurs for small U,
suggesting that the apparent enhancement is a finite-size effect connected to the band structure [581].
material undergoes a structural transition at ∼ 230 K, below which it has a bilayer structure. Second, the supercon-
ducting critical temperature Tc under pressure (Tc =4.8 K) is higher than the ambient pressure Ne´el temperature TN
(TN = 2.5 K). This makes the applicability of any effective 12 -filled band theory, or spin-fluctuation mediated SC ques-
tionable. The lattice structure of κ-SO3 is strongly anisotropic, with t′/t within the effective dimer lattice (see inset
of Fig. 44) greater than one; it is the largest t′/t of all known κ-(ET)2X [235]). In the ρ = 1 Hubbard model on the
anisotropic triangular lattice, t′/t > 1 gives AFM ordering with wavevector Q=(pi,0) rather than Q=(pi,pi) [37, 520].
Within ρ = 1 models of spin-fluctuation induced SC on the anisotropic triangular lattice, large t′ strongly reduces
the Tc of dx2−y2 SC [522]. Other theoretical works suggest that the symmetry of the SC order parameter changes for
t′/t > 1, from dx2−y2 to dxy − s [546] or a d + id state [545]. It is however hard to reconcile the Tc > TN within any
theory of SC mediated by AFM fluctuations.
Because of the unusual properties of κ-SO3 calculations within the full monomer lattice are desirable. We per-
formed QP-PIRG and CPMC calculations on 32 and 64 site systems with the same methodology as detailed above
for κ-Cl and κ-CN. We took hopping parameters from Reference [235]. The two distinct layers, labeled A and B here
as in Reference [235], have slightly different hopping integrals. t′/t within the effective dimer model is 1.50 and 1.77
for layers A and B respectively [235]. Fig. 59 shows the results of preliminary calculations of ground-state super-
conducting pair-pair correlations both layers. As with the calculations for κ-Cl and κ-CN, the most striking feature of
these results is that enhancement of SC by U is restricted to ρ = 1.5. For κ-SO3 the greatest enhancement is again
found for the d2 pair symmetry. Comparing the layers A and B, the enhancement is significantly larger for layer B: for
monomer U = 0.4 eV, the d2 enhancement factor ΘP is greater than 3 for layer B, while it is only ∼ 0.4 for layer A. A
direct comparison of the amount of enhancement between κ-Cl, κ-CN, and κ-SO3 is difficult with the lattice sizes we
have access to, as the U = 0 Fermi level degeneracies are different which leads to slightly different finite-size effects
in each case. For κ-SO3 both A and B layers do have similar Fermi level degeneracies however, so we believe that the
finding of stronger pairing enhancement in layer B is significant.
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Figure 58. (color online) Dimer spin structure factor S (q) calculated by QP-PIRG for a 32 site monomer lattice of (a) κ-Cl and (b) κ-CN. Wavevec-
tors are defined in terms of the effective dimer lattice (see text).
6.3. Summary
Direct many-body numerical calculations do not find superconductivity (SC) in ρ = 1 models. The effective
ρ = 1 model for dimerized CTS also fails to correctly describe some of their insulating phases: while ρ = 1 ef-
fective model can explain the presence of antiferromagnetic and metallic states in the CTS, a “valence-bond solid”
(VBS) phase is not found in the effective ρ = 1 model. The correct theoretical description of the VBS phase found in
EtMe3P[Pd(dmit)2]2 requires ρ = 12 [487]. The charge-ordered and spin-gapped state found here is the Paired Elec-
tron crystal (PEC). Our many-body calculations with monomer molecules as units reproduce the strong tendency to
antiferromagnetism in κ-(ET)2Cu[N(CN)2]Cl and the absence of the same in κ-(ET)2Cu2(CN)3. SC in CTS is a con-
sequence of the spin-singlets in the PEC becoming mobile to give a paired-electron liquid, driven by further increase
in frustration. This feature is a unique characteristic of the correlated 14 -filled band (see also Appendix B), although it
may be perhaps observed at other fillings depending on lattice geometry.
6.3.1. Application of theory to CO-to-SC transitions.
As discussed extensively in Section 6.2.3 the pattern of the CO in CTS that exhibit CO-to-SC transition (β, β′, β′′,
θ and α BEDT compounds, as well as in EtMe3P[Pd(dmit)2]2) in every case corresponds to the PEC. This cannot be a
coincidence. Note also that numerical calculations find that the PEC is favored over the WC of single electrons in the
frustrated lattice (Fig. 51(c)). The VB theory of SC, and the calculations reported in Sections 6.2.2 and 6.2.4 apply
most directly to these systems.
6.3.2. Where is the PEC in the κ-(ET)2X?
Considering κ-(ET)2X, the results shown in Figs. 57 and 59 show that the resulting picture of SC is quite different
from that in the effective dimer model. Within the actual ρ = 1.5 system in order to understand SC one must go beyond
the effective dimer model, explicitly consider charge imbalance between the molecules within dimers, and the the
formation of interdimer spin-singlet pairs between the charge-rich sites of nearest-neighbor dimers. We emphasize that
ours is a strong-correlation model very different from theories based on mean-field and random phase approximation.
Such a model however raises the question: where is the PEC in these materials? The answer lies in the recognition
that the frustration in the superconducting κ-(ET)2X, even when considering monomers and not dimers as the units,
is significantly larger than in the other ET compounds, such that there are many equivalent and degenerate PEC
configurations here [124]. Instead of crystallization to a single such configuration, there is thus transition to what we
believe is a superposition of PEC-like configurations, which is however a spin-singlet state. It can also be thought
of as a transition from an effective 12 -filled band to an effective
3
4 -filled band, as visualized in the schematic phase
diagram of Fig. 28. This is perhaps the only scenario that can give consistent explanations of (i) the pseudogap in
some compounds, whose spin-singlet nature should be obvious from Figs. 23-24, (ii) strong lattice effects including
anomalies in the lattice expansivity in the same temperature region [279, 304]; and (iii) resistivity anomalies. Note
also that the natures of the various broken symmetries below 6 K in κ-CN remain unresolved. It is not inconceivable
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Figure 59. (color online) Preliminary results for the enhancement factor ΘP versus electron density ρ for the bilayer κ-(ET)2CF3SO3 lattice. Panels
(a)-(d) are for layer A and panels (e)-(h) for layer B (see text). Shaded (striped) bars are for 32 (64) site lattices using QP-PIRG for 32 sites and
CPMC for 64 sites; U = 0.4 eV for all results. 64 site results are restricted to the range 1.35 < ρ < 1.65. As in Fig. 57, the symbols ‘*’ indicate 32
site points removed due to finite-size effects.
that in this highly frustrated system the same transition occurs at a much lower temperature. Finally, the occurrence
of CO in X = Hg(SCN)2Cl and spin gap in X = B(CN)4 give indirect evidence for the proximity of the PEC to SC.
6.3.3. Application to the quasi-1D superconductors.
Although we have not directly calculated superconducting pair-pair correlations for the quasi-1D (TMTSF)2X,
we believe that our demonstration of the BCDW in (TMTTF)2X and the BCSDW in (TMTSF)2X (Section 4), taken
together with our calculations for the t′/t > 1 ET compound κ-SO3 (Fig. 59) indicate very strongly that the mechanism
of SC in the quasi-1D and quasi-2D CTS is the same. The only difference is that the superconducting wavefunction in
the quasi-1D compounds must consist of predominantly intrastack spin-singlets with significantly smaller contribution
from interdimer singlets. This will obviously change the gap symmetry.
6.3.4. Similarities with high-Tc cuprates
The obvious similarities between SC in the cuprates and in the organic CTS are the layered natures of both families
and the proximity of SC to AFM and QSL states in the κ-(ET)2X. The occurrence of a possible pseudogap phase in
the κ-Br and κ-(NCS)2 that has been ascribed to fluctuating SC [275, 280] is also reminiscent of the preformed pair-
based explanations of the pseudogap behavior in the cuprates [282, 283, 500, 501]. These similarities have led to the
effective 12 -filled band theories of SC in the CTS that we discussed in Section 6.1. Interestingly, the experimental
literature on the cuprates itself has meanwhile seen some very dramatic turns, with the discovery of an ubiquitous CO
phase in between the AFM and superconducting phase in the hole-doped cuprates [585–598]. Discovery of the CO
phase in the electron-doped cuprates [595, 599] further indicates that the idea of the superconducting state evolving
directly from the AFM state may be simplistic. Very interestingly, several groups have found that the CO in cuprates
is commensurate, and has a periodicity of four Cu-O-Cu lattice spacings independent of doping [43, 44, 597, 598],
which, as we have indicated throughout this review, is the CO periodicity in the quasi-1D and quasi-2D CTS at the
lowest temperatures. It has been suggested that the CO and SC in the cuprates are isoenergetic, and perhaps there
exists even a CO-SC duality in the cuprates [588]. Given the preponderance of CTS that show CO → SC as well
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as AFM → SC transitions it is not inconceivable that the same mechanism of SC, or at least some variant of the
same mechanism is also shared by the CTS. One of us has recently proposed a Cu2+ → Cu1+ valence transition in the
layered cuprates at the pseudogap phase transition, following which they the Cu-band becomes electronically inactive,
and the CO and SC both emerge from the 14 -filled O-band [600]. This is discussed further in Appendix B.7.
7. Conclusions
In this review we have focused on the large family of superconducting organic CTS. These unconventional super-
conductors feature a large diversity of crystal structures including quasi-1D as well as quasi-2D lattices, and both hole
and electron charge carriers. We have argued that the most important unifying element of the organic CTS that exhibit
SC is their unique carrier density, ρ = 12 per molecule (which includes both electron density of 1.5 per molecule in the
hole carriers and 0.5 per molecule in the electron carriers). Deviations from this carrier density are both rare and tiny
in real materials. From the perspective of the search for a theory of SC in strongly correlated-electron systems, CTS
are attractive because of their relative simplicity: because no doping is required to achieve SC, a superconducting
phase should be expected to emerge simply from changing the parameters of the same model Hamiltonian that de-
scribes the proximate insulating phases. The complex lattice structures and in particular presence of lattice frustration
however make these challenging systems to study. The review therefore focused first on understanding the insulating
phases found in those CTS that exhibit SC.
Examination of the normal state of the entire family of CTS, including the “old” TCNQ-based materials, as well
as the ρ = 12 2D cationic and anionic CTS, indicates that there does exist a single theoretical model that explains
the global behavior of the entire family. This is the EHM with significant Hubbard U and moderate Hubbard V .
In addition to strong electronic correlations, e-p coupling is essential to understand the non-superconducting broken
symmetry states. Coupling of the charge carriers with both intramolecular and intermolecular vibrations are relevant.
At ρ = 12 these two e-p couplings act co-operatively, each enhancing the effect of the other. Equally importantly,
although the CO broken symmetry is frequently taken to be a “classical” Coulomb effect driven by the Hubbard V ,
specifically at ρ = 12 there occurs also a CO different from the classical WC and that is driven by a quantum effect,
the tendency of electrons to form spin-singlet pairs. We have presented numerical evidence for this Paired Electron
Crystal (PEC), in 1D as well as in frustrated 2D lattices. The PEC competes with both AFM and WC. In 2D CTS,
the manifestation of the PEC is the occurrence of charge periodicity · · · 1100 · · · in more than one direction, which
in many cases leads to the formation of (dimerized) insulating stripes with spin gaps. We have pointed out (Section
6.2.3) that the pattern of the CO in all CTS that exhibit CO-to-SC transition corresponds to the PEC. It is unlikely that
this is a coincidence.
The identification of the CO in superconducting CTS as the PEC implies that there exists a single unified theory
of SC for the entire CTS family, in which SC emerges upon destabilization (“melting”) of the PEC, the spin-singlet
pairs of which behave as hard core bosons. Existing theories of SC in the CTS have overwhelmingly (actually almost
entirely) focused on the κ-(ET)2X, in which the superconducting state has been proclaimed to emerge from the AFM
state. This in spite of the fact that few of the κ-(ET)2X are actually antiferromagnetic, at least two (κ-(ET)2Hg(SCN)2Cl
and κ-(ET)2B(CN)4) are likely PECs, and the critical temperature Tc in one (κ-(ET)2CF3SO3) is larger than the Ne´el
temperature TN . Precise numerical calculations show that SC is absent in theoretical models of κ-(ET)2X that treat
them within effective ρ = 1 models. We have presented limited, but numerically precise calculations that show that
within the standard Hubbard Hamiltonian, in both the triangular lattice and the κ-lattice, superconducting pair-pair
correlations are enhanced by the Hubbard U only at ρ ' 12 and are suppressed at all other ρ, which supports our basic
premise.
We reemphasize that our fundamental premise, viz., that correlated-electron SC emerges from a density wave of
Cooper pairs has existed in the cuprate literature for some time now [502–506], and has also been suggested from
very recent experimental observations [43, 44, 507]. The list of investigators who have expressed the opinion that
SC emerges from the melting of a VBS (which in the context of cuprates is different from a PEC) is equally long or
even longer. The reason for this is that this hypothesis resolves a key controversy concerning the pseudogap phase
in the cuprates, viz., whether the pseudogap is due to pre-existing pairs or competing broken symmetry; the density
wave of Cooper pairs satisfies both requirements simultaneously! Our work demonstrates explicitly that the PEC
emerges naturally in 1D or frustrated 2D from the EHM at ρ = 12 . Beyond the conceptual overlap between the RVB
theory and our VB theory of SC, there are also similarities between our picture and the original bipolaron theories
76
R. T. Clay, S. Mazumdar / Physics Reports 00 (2018) 1–106 77
of metal-insulator transitions and SC [601–603]. The latter had hypothesized the formation of nearest neighbor spin-
singlets, driven by e-p interactions that overscreened the nearest neighbor e-e repulsion. Our proposed mechanism
of SC thus has overlaps with two very disparate theories, even as the actual mechanism behind the formation of the
PEC is quite different from what had been proposed before. The driving force behind PEC formation in CTS and
other ρ = 12 systems is a quantum effect - the tendency to form spin-singlets - that is strongly enhanced at this carrier
concentration due to the commensurate nature of the PEC. Similarly, the kinetic energy gained from the motion of
the effective hard core bosons is also largest when their effective density is 12 . It is interesting to note in this context
that the original experimental materials that were considered to exhibit prototype bipolaron behavior were uniformly
ρ = 12 (see Appendix B), even though this feature was not emphasized by the authors.
Our 2D numerical calculations of pairing correlations show an enhancement by e-e interactions selectively at ρ ≈ 12
for multiple different lattice geometries and lattice sizes. To the best of our knowledge, there exists no other unbiased
calculation that has shown correlation-induced enhancement of superconducting pairing correlations. Appendix B
further indicates that the calculated enhancement is not a coincidence. Unfortunately, however, currently we are unable
to present evidence for LRO in the calculated superconducting correlation functions, and it is even conceivable that
true LRO is absent in our calculations. At the same time, we cannot rule LRO out completely within the present results,
because of the approximation introduced by the free-electron trial wave function we used with the CPMC method in
the 10×10 lattice results of Fig. 54; in general we found that CPMC with the free-electron trial wavefunction slightly
underestimated P¯ [565]. Recent improvements in the CPMC method may help to improve the accuracy of pairing
calculations [604]. An alternate possibility is that the theory of the ground state as it exists now is incomplete, which
itself can have two implications. First, even as the unique enhancement of SC pair correlations at ρ ≈ 12 is meaningful,
true SC may require additional interactions (e.g., e-p coupling) ignored in the purely electronic Hamiltonian. Because
e-p coupling is required to realize the bond distorted PEC state, some role of e-p coupling in a PEC-to-SC transition
might be expected. Second, even as the current calculations indicate the likelihood of pair formation, the question
LRO has to be settled by calculations of a correlation function that is slightly different, because of the unconventional
nature of the superconducting state. Note that the pair motion in the PEL has to be correlated (to minimize the
repulsion between pairs). Thus the long range component of the order parameter for the correlated SC may very
well be oscillating [605]. Elsewhere we have attempted to simulate the PEC-to-SC transition within an effective
U < 0,V > 0 model where the singlet bonds of ρ ≈ 12 are replaced with double occupancies and the pairs of vacancies
with single vacant sites [606]. Transition from a WC of double occupancies to a s-wave superconductor occurs as
the frustrating hopping integral is slowly increased. Analysis of the exact wavefunctions shows however that the
superconducting state at V > 0 is substantially different from the well understood case of V = 0; only a subset of the
many-electron configurations that describe the superconducting state at V = 0 dominate the V > 0 wavefunction. This
is because for V > 0 pair motion has to occurs within a background PEC. This last result gives partial support to the
conjecture that the ρ = 12 PEL might be a true superconducting state, but more elaborate pairing correlations will be
necessary to prove this. These and related topics are being investigated currently.
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Appendix A. Molecule abbreviations
abbreviation molecule
BCPTTF benzocyclopentyltetrathiafulvalene
BDA-TTP 2,5-Bis(1,3-dithian-2-ylidene)-1,3,4,6-tetrathiapentalene
BEDO-TTF bis(ethylenedioxy)tetrathiafulvalene
BEDT-TSF bis(ethylenedithio)tetraselenafulvalene
BEDT-TTF bis(ethylenedithio)tetrathiafulvalene
DMEDO-TTF dimethyl(ethylenedioxy)tetrathiafulvalene
DMET dimethyl(ethylenedithio)diselenadithiafulvalene
M(dmit)2 bis(4,5-dimercapto-1,3-dithiole-2-thione)-M
DMTTF 3,4-dimethyl-tetrathiafulvalene
DODHT (1,4-dioxan-2,3-diyldithio)dihydrotetrathiafulvalene
EDO-TTF ethylenedioxytetrathiafulvalene
EDT-TTF ethylenedithiotetrathiafulvalene
HMTSF hexamethylene-tetraselenafulvalene
HMTTF hexamethylene-tetrathiafulvalene
MEM N-methyl-N-ethyl-morpholinium
meso-DMBEDT-TTF 2-(5,6-dihydro-1,3-dithiolo[4,5-b][1,4]dithiin-2-ylidene)
-5,6-dihydro-5,6-dimethyl-1,3-dithiolo[4,5-b][1,4]dithiin
NMP N-methylphenazinum
TCNQ tetracyanoquinodimethane
TMTSF tetramethyltetraselenafulvalene
TMTTF tetramethyltetrathiafulvalene
TSF tetraselenafulvalene
TTF tetrathiafulvalene
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(a)
(b)
(c)
Figure B.60. (a) Structure of NaxCoO2 and the hydrated superconductor Reprinted with permission from Ref. [607], c© 2003 MacMillan Publishers
Ltd. (b) phase diagram. Reprinted with permission from Ref. [608], c© 2004 The American Physical Society. (c) Temperature dependence of the
Seebeck coefficient of LixCoO2. Reprinted with permission from Ref. [609], c© 2011 The American Physical Society.
Appendix B. Other ρ = 12 superconductors
The principal thesis of the present work is that among strongly correlated materials the tendency to form spin-
singlets, leading either to the PEC or the PEL, is strongest at ρ = 12 (or 1.5) in both 1D and 2D. It follows that
there should be other ρ = 12 systems or families of materials where also correlated-electron SC is observed. We
describe in this Appendix precisely such systems. Each material or family of materials has been of strong interest to
the condensed matter physics community individually, but to date the common link between them, the same carrier
density, has not been noted. In every case we discuss below, the following are true, (i) in structurally related materials
with variable ρ, SC is limited to very narrow carrier concentration range about ρ = 12 , and (ii) in nearly all cases SC is
proximate to a correlated CO state, and in those cases where the nature of the CO is understood there are reasons to
believe that the CO is a PEC (either the periodicity is · · · 0110 · · · , or the CO coexists with a spin gap). The absence
of any other carrier density where there exist so many systems with these common features gives credence to our VB
theory of SC.
Appendix B.1. Superconducting layered cobalt oxide hydrate
Layered cobaltates MxCoO2 (M = Li, Na, K) have attracted strong interest as strongly correlated-electron materials
in which the carrier concentration can be varied over a wide range by varying the Na-concentration x [608, 610, 611].
NaxCoO2 is of particular interest as in the hydrated state it is an unconventional superconductor with Tc = 4.7 K [607].
In the anhydrous materials the Co-ions in the CoO2 layers separated by the Na+-ions occupy an isotropic triangular
lattice as shown in Fig. B.60(a) and have charge ranging from 3+ (at x = 1) to 4+ (at x = 0). The corresponding
electron configurations are t62g with spin S = 0, and t
5
2g with S =
1
2 , respectively. Trigonal distortion splits the t2g
orbitals into degenerate low-lying e′g levels and a higher a1g level. Charge carriers are holes on the Co4+ sites [612],
with hole density ρ = 1 − x. ARPES studies indicate that the e′g levels are completely filled and therefore should
be electronically inactive [612, 613], although this is somewhat controversial [614]. Band calculations find a larger
Fermi surface due to a1g levels, and a smaller Fermi surface due to the e′g levels [615]. The physical behavior of
anhydrous LixCoO2 and NaxCoO2 are strongly x-dependent (see Fig. B.60(b)) [608]. The density ρ = 12 has unique
properties here, as seen for example in its completely different thermoelectric properties as a function of temperature
(see Fig. B.60(c)) [609]. The global feature of the x-dependence, with paramagnetic weakly correlated behavior
at small x (large ρ) and Curie-Weiss strongly correlated behavior at large x (small ρ) was considered mysterious
for a while. Since ρ = 1 is a Mott-Hubbard semiconductor densities close to but not equal to ρ = 1 would have
been expected to be strongly correlated. Similarly, since ρ = 0 is a band semiconductor, small ρ was expected to
be be weakly correlated. The observed behavior is exactly the opposite, see Fig. B.60(b)). The ρ-dependence was
successfully explained by Li et al., who showed that the observed behavior was exactly what would be expected
within both one-band and two-band extended Hubbard models with realistic nearest neighbor Coulomb repulsion V
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Figure B.61. Effective 14 (
3
4 )-filled bands of the spinel superconductors. The t2g orbitals are split by Jahn-Teller distortion in (a) and by Jahn-Teller
distortion or SOC in (b).
over and above the onsite Hubbard interaction U [611]. Identical ρ-dependent physical behavior are seen in the family
of conducting organic charge-transfer solids [32]. Exactly as in the CTS (see discussions in Section 2.5) for fixed
Hubbard U, Hubbard V enhances double occupancies at large ρ away from 1, and suppresses double occupancies at
small ρ in the triangular Co-lattice (see Figs. 3 and 4 in reference [611]). Importantly, the fraction of holes occupying
the e′g levels is found to be ρ-dependent and is smaller for smaller ρ [611, 616]. The e′g-occupancy is less than 10% at
ρ ∼ 12 .
SC in the hydrated NaxCoO2 was found by Takada et al. [607]. The chemical composition was initially thought
to be NaxCoO2· yH2O (x ∼ 0.35, y ∼ 1.3), with the H2O entering in between the CoO2 layers. Assuming that x
alone determines the Co-ion valency as in the anhydrous material this gives ρ = 0.65. RVB theories of SC were
proposed initially [617–620] even as this value of ρ is far from ρ = 1 where the RVB state is supposed to occur [39].
It is now known that a significant proportion of the water in the hydrated material enters between the CoO2 layers as
H3O+ and the true superconducting composition [610] is Nax(H3O)zCoO2·yH2O, which would make Co-ion valency
of 3.65+ an absolute lower limit (i.e., ρ > 0.35). Significant effort has gone into finding the true Co-ion valency in
the bilayered hydrate that is superconducting. Several chemical studies [610, 621, 622] have found the valency to be
very close to 3.5+. One ARPES study puts the Co valence at 3.56 ± 0.05, making ρ extremely close to 0.5. Spin
fluctuation theories of SC based on RPA or FLEX calculations predict spin-triplet p- or f -wave SC [623, 624]. There
is however no evidence experimentally for triplet pairing in these materials [610, 625]. These theories also require
the presence of e′g orbitals at the Fermi surface [624]. The observed limitation of SC to Co-ion valency ∼ 3.5+ and
the evidence for strong e-e interaction [611] once again suggest that the mechanism of SC here too is related to our
proposed mechanism, viz., correlated Co4+–Co4+ spin-singlet motion at ρ = 12 .
Appendix B.2. Spinel superconductors
Spinels are inorganic ternary compounds AB2X4, with the B-cations as the active sites. The B sublattice in the
spinels forms corner-sharing tetrahedra, giving rise to a geometrically frustrated pyrochlore lattice. Out of several
hundred spinel compounds with transition metals as the B-cations only three undoped compounds are confirmed
superconductors, LiTi2O4 with Tc ' 12 K [626], CuRh2S4 (Tc = 4.8 K [627] and up to 6.4 K under pressure [628]),
and CuRh2Se4 (Tc = 3.5 K [627]). While early reports on powder samples indicated SC at ∼ 4 K in CuV2S4, later
measurements on single crystals found no SC [629, 630]. The Cu-ion in the latter compounds are known to be
monovalent [631]. Band calculations have shown that the transition metal’s partially occupied t2g d-bands are well
separated from the empty eg bands by ∼ 3 eV, and also from the p-bands due to O and S by about the same amount
[631–633]. The extreme selectivity of SC cannot be a coincidence, especially considering that (i) while LiTi2O4
superconducts at 12 K, structurally related LiV2O4 does not show SC down to 10 mK [634], (ii) SC in Li1+xTi2−xO4
disappears for x as small as ∼ 0.1 [635], and (ii) Ti3.5+ in LiTi2O4 has one d-electron per two Ti’s, and Rh3.5+ in
CuRh2S4 and CuRh2Se4 is in the low-spin state with one hole per two t2g orbitals (see Fig. B.61). We give detailed
discussions below why we believe that these materials should be considered correlated-electron 14 (
3
4 )-filled band
superconductors just like the CTS.
As with the CTS, a hint to the mechanism of SC in the spinels is obtained by examining the metal-insulator
transitions that occur in structurally related compounds. In Ti4O7, which also has Ti-valency of 3.5+, and which is
structurally related to LiTi2O4, there occurs charge disproportionation into Ti3+ (d1) and Ti4+ (d0) and the formation
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(a)
(b)
(c)
(d)
Figure B.62. (a) Crystal structure of β-A0.33V2O5. Reprinted with permission from Ref. [654], c© 2002 The American Physical Society. (b)-
(d) Temperature-pressure phase diagrams for (b) A=Li (c) A=Na and (d) A=Ag. Here NM is a normal metal phase and NP is a high-pressure
non-superconducting phase. Reprinted with permission from Ref. [655], c© 2008 The American Physical Society.
of Ti3+-Ti3+ spin singlets [636, 637]. The most likely explanation of this is orbitally-induced band Jahn-Teller dis-
tortion [638–641] that lifts the degeneracy of the t2g d-band, giving a 14 -filled nondegenerate dxy-band (see Fig. B.61)
[16, 574]. Importantly, the band Jahn-Teller distortion at this filling requires strong e-e interaction, which is the driver
of singlet formation in 14 -filled band [642]. As shown in Fig. B.61 the occupancies of the t2g orbitals on individual
Rh3.5+ ions in CuRh2S4 and CuRh2Se4 fluctuate between t62g with closed shell and t
5
2g with one hole. Metal-insulator
transitions in isoelectronic CuIr2S4 [638, 643] and LiRh2O4 [644, 645] are accompanied by cubic-to-tetragonal struc-
tural transition as well as PEC formation, as evidenced by M4+ − M4+ − M3+ − M3+ (M = Rh, Ir) charge and bond
tetramerization and M4+ − M4+ spin-bonded dimers along specific directions. The charge ordering in CuIr2S4 was
originally also ascribed to orbitally-induced lifting of t2g degeneracy that left filled degenerate dxz and dyz bands
lowered in energy by band Jahn-Teller distortion, and a nondegenerate ρ = 12 dxy band, separated by an energy gap
[638–641, 644]. More recent theoretical work has ascribed the degeneracy lifting in Ir4+ to spin-orbit coupling (SOC),
with the splitting between J = 32 and J =
1
2 states [646–648]. For our purpose, it is irrelevant whether the lifting of
the degeneracy is due to band Jahn-Teller distortion or SOC. More relevant is the effective ρ = 12 hole occupancy of
the active orbital, and the implied proximity of SC to PEC.
We believe that the extreme selectivity of SC in the spinels, taken together with the PEC formation in isostructural
isoelectronic compounds CuIr2S4 and LiRh2O4, are strong indicators that the mechanism of SC in these materials is
the same in these materials as in the CTS. Particularly in the context of LiTi2O4, there is ample evidence for strong
e-e interactions among the 3d-electrons [9, 649, 650], and that e-p interactions may not be the driver of SC (see
Reference [651] for a review). A very recent experiment in LiTi2O4 has found a transition from isotropic negative
magnetoresistance to anisotropic positive magnetoresistance at 50 K [652], which is also the temperature where a
Raman study has shown a strong anomaly in the T2g e-p coupling [653]. The authors of both studies have suggested
an orbital ordering transition at this temperature, which would give strong though indirect support to our proposed
orbital ordering in Fig. B.61. We propose similar magnetoresistance and Raman measurements in CuRh2S4 and
CuRh2Se4. Within our theory SC is due to the correlated motion of n.n. singlets Ti3+–Ti3+ and Rh4+–Rh4+.
Appendix B.3. Superconducting vanadium bronzes
Yet another family of materials that are 14 -filled and exhibits pressure-induced CO-to-SC transition are the series of
vanadium bronzes β-A0.33V2O5, A = Li, Na, Ag [654, 655]. Structurally, the materials consist of the V2O5 framework
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(a)
(b) (c)
Figure B.63. (color online) (a) Phase diagram of A15 Cs3C60. Reprinted with permission from Ref. [658], c© 2009 AAAS. In the Mott insulator
state (AFI region in (a)), two electrons occupy the lowest orbital, and one the second-lowest orbital on each C60 molecule. (b) The orbital occupation
in the same Mott insulator state, but with finite U, resulting in a reduced gap between the lowest two orbitals. (c) The inclusion of off-diagonal
terms between MOs equalizes populations between the lowest two MOs, resulting in a 34 -filled band (see text).
with three distinct V sites (referred to as V1, V2 and V3, respectively as shown in Fig. B.62(a)), with the V-ions
forming quasi-1D chains along the b-axis of the crystal. The electronic configuration of the V5+-ions in pure V2O5 is
3d0. The metal ions occupy straight “tunnels” along the b-axis. Given that there are three different kinds of V-ions the
compositions β-A0.33V2O5 are stoichiometric, even as other compounds with compositions that are slightly different
are known.
The most interesting observations with this compounds are as follows. First, all vanadium bronzes show quasi-1D
conduction at ambient pressure. It has, however, been proposed that there occurs a dimensional crossover to quasi-2D
behavior under pressure [655]. Second, angle-resolved photoemission study of β-Na0.33V2O5 indicates that the per-
fectly stoichiometric compound consists of 14 -filled band 1D chains, with exactly equal populations of V
5+ (3d0) and
V4+ (3d1) [656]. Which of the three chains becomes 14 -filled on “doping” remains however unresolved. Third, both the
CO phase and the SC phases are extremely sensitive to A-cation off stoichiometry, with smallest non-stoichiometry
destroying SC, though not necessarily CO. Finally, even as the CO-to-SC transition is pressure-induced, TSC decreases
with pressure (see Figs. B.62(b)-(d)), in contrast to what is expected from a BCS-superconductor. All of these obser-
vations, in particular SC limited to commensurate 14 -filling and being destabilized by pressure, are reminiscent of the
behavior of the CTS family and the other compounds listed above. It is relevant in this context to now point out that
vanadium bronzes were among the first compounds in which nearest neighbor spin-paired bipolarons (V4+-V4+) were
hypothesized [601]. Similar nearest neighbor spin-pairings between Ti3-Ti3+ had been proposed for Ti4O7, which is
structurally related to LiTi2O4 and also contains a 14 -filled Ti-band [636]. It was suggested that overscreening of e-e
repulsion by e-p interactions drove the formation of the bipolarons [603, 637], but as has been shown in our work here,
1
4 -filling and moderate e-e interactions together can drive this transition to the PEC, which the earlier group of authors
had referred to as the bipolaronic insulator. We also note that Hague et al [657] showed that intersite spin-singlets can
have high mobility and small effective mass.
Appendix B.4. Superconducting fullerides
One peculiarity of superconducting fullerides is that SC is limited to trivalent C3−60 [659]. Since there is nothing
unique to this valence within purely e-p coupled models this should already be an indicator that e-e interactions may be
relevant here. This has been further confirmed by the observation of AFM in Cs3C60 with TN ∼ 46 K [658], as well as
of pressure-induced AFM-to-SC transition with TC = 38 K [658, 660, 661]. Careful experimental measurements have
indicated that the AFM Cs3C60 has a single unpaired electron per C3−60 [661, 662]. This has a unique explanation, viz.,
the three-fold degeneracy of the antibonding t1u MOs of C60 is lifted by Jahn- Teller instability in the trianion, with
occupancies of 2, 1 and 0 electrons in the three nondegenerate MOs, in increasing order of energies (See Fig. B.63(a))
[662]. AFM is now due to spin-coupling between the unpaired electrons on neighboring ions. While it is true that
given the low-spin nature of Cs3C60 there is no alternative to the characterization of the insulating AFM state as a
magnetic Mott-Jahn-Teller insulator [662], the nature of the so-called Jahn-Teller-metal that is reached under pressure
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remains not understood. Existing theories of SC [15, 659, 663–666] explicitly or implicitly assume that the Jahn-
Teller-metal has regained the degeneracy of the undoped state, and the SC is due to “on-ball pairing”, driven largely
by the Jahn-Teller phonons, with the Mott-Hubbard U playing either a competing or co-operative role. Such a quasi-
BCS mechanism would seem to be in disagreement with the observed decrease of Tc with pressure [660, 661]. Even
more importantly, we believe that this picture fails to explain why Tc should be so sharply peaked at anionic charge
of -3. The strong sensitivity of SC to commensurability is a characteristic feature of all the materials discussed in this
review, and it should be clear by now that these cannot be merely shared coincidences.
We agree with the viewpoint that the orbital degeneracy of the so-called Jahn-Teller-metal is different from the
Mott-Jahn-Teller insulator. We believe, however, that that the perfect nondegeneracy of the former is replaced with
partial degeneracy in the latter, exactly as in the case of the spinels within a mechanism that is an analogue of the band
Jahn-Teller instability. Recall first that the Hubbard U suppresses Jahn-Teller instability when the orbital occupancy
is even, but not when the occupancy is odd [92]. Thus, unlike in Fig. B.63(a), where the gaps between the antibonding
MOs of C60 are nearly identical (as they would be in the strictly U = 0 case, where the energy gained upon distortion
due to adding two electrons is exactly twice that gained when a single electron is added), for U , 0 the gap between
the lowest doubly occupied level and the singly occupied level is much smaller than that between the latter and
the unoccupied level (see Fig. B.63(b)). Now as one includes intermolecular hopping of electrons, there will also
be off-diagonal terms in the MO representation, hopping between MOs with different symmetry. Given the small
intrinsic gap between the two lowest levels, this would equalize the populations of the two lowest MOs which are now
degenerate, giving a population of 1.5 electrons per MO, with the unoccupied MO at a higher level. This equalization
of populations of the two lower levels is further enhanced by e-e interactions [667]. Comparing Figs. B.63(c) and
B.61, the similarity between superconducting spinels and a lattice of C3−60 is readily observed. Note that within our
proposed mechanism, pairing is “inter-ball”. The mechanism that we have proposed for the AFM-to-SC transition
here is related to that proposed for κ-(ET)2X: in both cases the transition from the AFM insulator is driven by and
accompanied with orbital (re)ordering that makes the “metallic” state effectively 14 (
3
4 )-filled.
Appendix B.5. Li0.9Mo6O17
This is yet another low-dimensional superconductor where SC is proximate to an insulating state, with the active
electrons belonging to the d-orbitals of a transition metal, and the bandfilling nearly 14 . The crystal structure is
monoclinic [668, 669]. The conduction electrons are located mostly on two Mo-ions that occupy octahedral sites and
form what has been described in the literature as double-zigzag chains or two-leg zigzag ladders along the b-axis,
giving the system its strong one-dimensional behavior. The peculiarities of the system include a low temperature
metal-insulator transition, as observed from resistivity studies at TMI ∼ 25 K [670–673] that has remained poorly
understood, and a superconducting transition below 2 K [671]. There is no signature of structural anomaly at TMI
from X-ray scattering and thermal expansion studies [674] or neutron scattering [669]. The high temperature behavior
(above TMI) can be understood within a Luttinger liquid picture [675]. The absence of the structural anomaly at TMI
has led to suggestions that the transition is “purely electronic” or a dimensional crossover. The upper critical field
for magnetic fields parallel to the conducting chains is five times larger than the Pauli paramagnetic para-magnetic
limit [676], indicating that the SC is unconventional. Triplet pairing has been suggested [677], although this has not
been confirmed experimentally yet. Note that large upper critical fields are also characteristic of CTS, where it is now
known that SC is not due to triplet pairing [678, 679].
The strong 1D behavior at high temperatures can be understood from the crystal structure (see Fig. 2 in [669]). The
unit cell contains six distinct Mo ions, of which two (labeled Mo3 and Mo6 in the literature) are on tetrahedral sites.
Of the remaining four Mo-ions in octahedral sites Mo1 and Mo4 form highly 1D structures that have been described as
double zigzag chains [669] or two-leg zigzag ladders [680]. Based on DFT calculations [681], Merino and McKenzie
concluded that the chemical formula of LiMo6O17 can be written as Li1+(Mo4.5+)2Mo′6+4 (O
2−)17 where Mo but not
Mo′ constitute the coupled zigzag chains. Note that Mo-ion valence of 4.5+ implies electron configurations of 4d0 and
4d1. Band structure calculations indicate that only the dxy orbitals are the active bands, which are then exactly 14 -filled
in LiMo6O17 and slightly away from this in Li0.9Mo6O17. We speculate that the transition at TMI is simultaneously
purely electronic as well as a dimensional crossover. As pointed out by Merino and McKenzie, the 3D electron-
electron interactions and hoppings between the zigzag chains on different planes increase the frustration. Within our
theory increased frustration leads to charge disproportionation in ρ = 12 , with spin-singlet formation between charge-
rich sites that are NN on different chain pairs or ladders. The resultant electronic state that is no longer 1D can be
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either a PEC or PEL. This viewpoint would be in agreement with the observation that the superconducting transition
in Li0.9Mo6O17 is insulator-superconductor [675]. It is also tempting to assign the giant Nernst effect in Li0.9Mo6O17
[682] to preformed pairs [282]. Clearly further theoretical and experimental research are warranted here; what is
however true is that Li0.9Mo6O17 exhibits the “generic” behavior of ρ = 12 superconductors.
Appendix B.6. Intercalated and doped IrTe2
One other material of interest is IrTe2, consisting of edge-sharing IrTe6 octahedra, with Ir layers sandwiched
between Te layers [683]. The interlayer Te-Te distance is smaller than the intralayer distance. While IrTe2 itself
does not exhibit SC, it undergoes a CDW-like transition at ∼ 260 K which remains poorly understood. There is
broad agreement [684, 685] that at high temperatures the valence state of Ir is Ir3+, which would make its electron
configuration closed shell t62g. Conversely, the ionic state of Te is Te
1.5−, which suggests equal populations of Te2− and
Te1− and a hole concentration ρ = 12 on the Te sites. The transition at 260 K is accompanied by strong diamagnetism
and structural anomaly [684, 685], and one way to understand the diamagnetism would be to assume spin-singlet
formations between the open shell Te1−, which would be in accordance with our theory of singlets in ρ = 12 , provided
a DW with periodicity Te2−-Te2−-Te1−-Te1− was also found. There is, however, controversy as to whether the 260 K
transition involves only the Te ions [685], or both Ir and Te; the latter would make the Ir ions mixed valence [683].
Pd intercalation into IrTe2, giving PdxIrTe2, or weak Ir-site doping, giving Ir1−yPdyTe2, give SC at ∼ 3K for x and y as
small as ∼ 0.02, while beyond x = 0.1 the SC vanishes [686]. Similar behavior is also seen with very weak Pt doping.
Clearly whether or not the structural anomaly involves only Te, or both Ir and Te, is a very important question when it
comes to ascertaining the mechanism of SC here. It is nevertheless interesting that the parent semiconductor is again
1
4 -filled at high temperature.
Appendix B.7. Superconducting hole- and electron-doped cuprates
Even after three decades of their discovery [1], high Tc superconductivity in the cuprates remains a formidable
problem. There is little understanding of the pseudogap phase in the hole-doped materials, which is accompanied
by a partial loss of density of states as seen in some experiments. The origin of the pseudogap in early studies had
been assigned to preformed pairs and fluctuating SC, as would occur within RVB theories [282, 283, 500, 501]. More
recent experiments have found a ubiquitous CO in all cuprates within the pseudogap phase [585–598], that coexists
with broken rotational symmetry [687], which has been ascribed to inequivalent oxygens within the 2D unit CuO2 cell.
The bulk of the theoretical work on the hole-doped cuprates has been within the weakly doped 2D Hubbard model.
There is no satisfactory explanation of the various coexisting spatial broken symmetry phases within the pseudogap
phase within these theories. To obviate the preformed pairs versus competing order conundrum some investigators
have proposed that the CO is a density wave of Cooper pairs [43, 44, 502–504, 504–507]. This is reminiscent of our
concept of the PEC.
The most difficult issues with the electron-doped cuprates involve, (i) robust AFM over a very broad doping range
(up to dopant concentration ∼ 0.14 instead of the ∼ 0.03 in the hole-doped cuprates), and SC over a very narrow
carrier concentration (∼ 0.15−0.17) in the Ce-doped bulk Nd2CuO4 and Pr2CuO4 [33], and yet (ii) SC in the undoped
specially prepared thin films [688], and (iii) holelike charge transport at optimal doping [689]. Understanding the
similarities as well as differences between the hole- and electron-doped materials has not been possible within either
the one-band or the so-called three-band weakly doped Mott-Hubbard models.
One of us has recently presented a valence transition model that attempts a unified explanation of all the difficult
experiments in both hole- and electron-doped cuprates [600]. The theory is based on the concept of transition from
positive to negative charge-transfer gap in strongly correlated charge-transfer insulators in which cation-anion hopping
is much smaller than electron correlations. Such a transition has been documented over three decades in 1D mixed-
stack donor-acceptor CTS, where it is known as the neutral-ionic transition [690]. The valence transition theory begins
with the observation that the second ionization energy of the cuprate monoanion Cu1+ is unusually high because of its
closed shell nature (higher than the monocations of Ni and Zn by ∼ 2 eV). Thus for small Cu-O d-p hopping it is only
because of the large gain in Madelung energy in the undoped parent cuprates that the ionic charges Cu2+ and O2− are
obtained (the second electron affinity of oxygen, O1− → O2− is actually positive because of the repulsion between the
excess electrons). With doping, there is reduction in the Madelung energy and at a crystal structure-dependent (T vs
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Figure B.64. Schematic phase diagram of the electron- and hole-doped superconducting cuprates within the valence transition model. The CO
region has charge modulation O2−-O2−-O1−-O1− along any Cu-O bond direction. The precise quantum critical point at which T∗ intersects the
dopant axis in the hole-doped systems cannot be evaluated without detailed calculations, and is not relevant.
T′) doping concentration there occurs a discrete jump in ionicity from Cu2+ to Cu1+ in both the hole- and electron-
doped compounds. The hole in the erstwhile Cu2+ transfers to the oxygens in the CuO2 layer. In analogy with the
neutral-ionic transition, the model envisages two distinct phases, even though the true Cu-charges are different from
precisely 2+ and 1+. The essential point, however, is that in the undoped parent semiconductor the O2− anions are
closed shell and electronically inactive, and the Cu-band can be thought of as an effective 12 -filled band Mott-Hubbard
semiconductor, a theoretical picture that we are all familiar with. The new conceptual development is that in the second
phase the Cu1+ ions with 3d10 electron configuration are similarly electronically inactive, and the effective model now
corresponds to a 14 -filled O-band, with nearly half the O-ions as O
1−. The pseudogap transition in the hole-doped
cuprates and the sudden transition from AFM semiconductor to superconductor in the electron-doped materials are
both ascribed to this valence transition. Fig. B.64 shows a schematic of the phase diagram of both hole- and electron-
doped cuprates within the model. The O-sublattice is a frustrated checkerboard lattice and therefore is susceptible to
the transition to the PEC at 14 -filling. As discussed in the original reference [600], the experimentally observed period
4 CO [44, 593, 597, 598] is due to the nominally O2−-O2−-O1−-O1− charge distribution along both the Cu-O bonds,
which also simultaneously destroys C4 symmetry [687]. Similarly, Hall coefficient measurements that indicate hole
like transport in the optimally doped electron-doped cuprates [689] is expected since at this carrier concentration the
charge carriers are the same holes on the O1− as in the hole-doped materials. SC within the model is a consequence of
the destabilization of the PEC on the 14 -filled O-sublattice, with O
1−-O1− singlets being the equivalents of the Cooper
pairs in configuration space. The theoretical work makes a large number of experimental predictions that can be found
in the original paper [600].
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